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ABSTRACT
Regulatory elements are DNA sequences which have specialized activities that
coordinate the functions of the genome. Promoters, enhancers, locus control regions,
boundary elements (or insulator elements) are examples of DNA sequences that have
regulatory properties. In transgenic assays insulator elements have been shown to block
communication between regulatory regions, such as enhancers and promoters, when placed
between these sequences and also protect genes from position effects when bracketing
them, thereby affecting gene expression. Insulator sequences are bound by insulator
proteins that direct the function of these sequences. One such insulator protein is the
Boundary Element Associated Factor-32 (BEAF-32), a 32 kDa protein which was
originally found to bind to the scs’ insulator sequence in the 87A heat shock locus of the
Drosophila genome. BEAF-32 has two isoforms: 32A and 32B. BEAF was
immunolocalized to numerous binding sites across the Drosophila genome. This was
substantiated by various genome-wide mapping experiments, which have identified from
1800 to 6000 BEAF binding sites across the genome. Hence, BEAF-32 likely plays an
important role in chromatin organization and gene regulation in combination with other
proteins in the nucleus. However, it is not clear how BEAF-32 affects genome organization
and gene regulation. We characterized essential domains in the BEAF-32 protein and
identified protein partners, some of which include Transcription Factors (TFs). We further
mapped the interaction regions inside BEAF and these TFs. We then attempted Fluorescent
Recovery After Photobleaching (FRAP) to assess the dynamics of BEAF-32 on polytene
chromosomes and also observed banding patterns, with the help of fluorescent protein
labels, and evaluated its behavior during mitosis in early embryos. Finally, results obtained
vii

with BEAF prompted us to test for physical interactions between various insulator proteins
and to check contradictory reported results from the literature to document interactions.
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CHAPTER ONE: GENOME ORGANIZATION, CHROMATIN DOMAINS AND
INSULATOR ELEMENTS: RELATIONSHIP BETWEEN STRUCTURE AND
FUNCTION
Introduction
Genomes in higher eukaryotes are tightly packed inside the nucleus. The level of
compaction of a genome is very dramatic, for example: in humans the length of the entire
genome is about 2 meters (m) when stretched from end to end. However the average
diameter of a human nucleus is around only 10 m which roughly translates into a
compaction rate in the order of 105 (FUENTES-MASCORRO et al. 2000). This could be
suggestive of an idea that the DNA is randomly arranged inside the nucleus to optimize the
packaging of the genome. But as it turns out processes such as DNA replication, repair,
recombination and gene expression are highly regulated mechanisms inside the spatially
constrained environment of the nucleus. Such observations have led to more rigorous
models, where the packaging of the genome is not a random process, but a well-coordinated
one. And indeed, there are underlying methods in the madness of nuclear organization, in
order to facilitate proper functioning of the genome inside the nucleus.
The 2 nm DNA fiber (Fig 1-1A) is arranged in the form of linear chromosomes in
a eukaryotic cell (Fig. 1-1B). This arrangement is achieved due to higher-order folding of
the DNA with the help of numerous proteins (LAEMMLI 1978). This nucleoprotein complex
is often referred to as chromatin. The two commonly classified types of chromatin are
heterochromatin and euchromatin. Heterochromatin is highly condensed and usually genes
that are present are transcriptionally inactive (PIMPINELLI et al. 1985; BRIGGS AND STRAHL
2002). Conversely euchromatin is less condensed and more accessible to proteins and
provides a favorable environment for genes to be active (ELGIN AND WEINTRAUB 1975;
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WEITH 1985). The first step involved in folding DNA is carried out by a specific family of
proteins known as the histones which are rich in positively charged amino acids that
interact with negatively charged DNA phosphate groups to form nucleosomes (FINCH AND
KLUG 1976). However, only a small number of DNA phosphates contact the periphery of
the nucleosome while a majority of the contacts are due to biophysical features such as
certain alpha helices in the histones interacting with the minor groove of the DNA
phosphates (MCGHEE

AND

FELSENFELD 1980). The combination of subunits: 2 each of

H2A, H2B, H3 and H4 in octamer complexes together with 146 bp of DNA wrapped
around (about 1.6 turns) forms the nucleosome. This complex can be stabilized with the
linker histone H1 (RICHMOND et al. 1984; LUGER et al. 1997). Nucleosomes line up along
the DNA forming a long contiguous array where they are connected by 10-70 bp linker

Figure 1-1. Genome organization in eukaryotes. A) First double-helix model. Watson J.D.
and Crick F.H.C. 1953. B) Double-stranded DNA hierarchical organization. Two meters
of long human DNA are confined within the nucleus of a single cell. There are three main
organization levels classified as primary, secondary and tertiary, Iyer et al., 2011. Figure
adapted from article: The 3D structure of the genome by Daniel Moreno Andrés, published
on the website Mapping Ignorance.
2

DNA to give rise to the 10nm fiber, primary structure (Fig. 1-1B), which is commonly
referred to as ‘beads-on-a-string’ (WOODCOCK

AND

GHOSH 2010). The interactions

between nucleosomes further leads to the formation of secondary structures (Fig. 1-1B),
such as the 30 nm chromatin fiber where H1 is implicated to play an important role in the
folding of nucleosomes (GASSER 1995; SZERLONG

AND

HANSEN 2011). Folding

mechanisms of nucleosomes that give rise to the 30 nm chromatin fiber are not entirely
clear and still remains a fundamental question. Advanced imaging techniques, like 3D
cryo-EM, have provided some insights into the structural features of the 30nm fiber (SONG
et al. 2014). Nevertheless, the existence of the 30nm fiber is contested and more studies
are required to clarify this structure (MAESHIMA et al. 2010). This 30nm fiber is said to
participate in the higher order folding of chromatin onto scaffolds, forming tertiary
structures (Fig. 1-1B), that, in-turn, folds many times giving rise to chromosomes.
Histone Modifications in gene regulation and chromatin structure
In nucleosomes, the tails of the histones can have a range of modifications that are
associated with influencing chromatin structure and regulating gene expression which are
commonly referred to as Post-Translational Modifications (PTMs) (Fig. 1-2). The
combinatorial effects of PTMs on chromatin structure and gene regulation form the basis
of what is referred to as a “Histone Code” (STRAHL AND ALLIS 2000). Not surprisingly,
there was some reluctance in accepting the proposed model (HENIKOFF 2005). However,
“Histone Code” has now been widely accepted in light of various studies that have strongly
supported the model. A variety of histone amino acids can be subjected to PTMs such as
methylation, acetylation, phosphorylation, ubiquitination, ADP-ribosylation, sumoylation,
propionylation, formylation, malonylation, succinylation, crotonylation, citrullination and
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O-GlcNAcylation (ARNAUDO AND GARCIA 2013). Specifically, various lysine residues on
the histones have been extensively investigated for acetylation and methylation patterns.
The amine group on the lysine side chain can be either acetylated or mono-, di- or trimethylated.
Lysine-acetylation changes the overall positive charge of the histones to neutral
charge which weakens the interaction with negatively charged DNA. This allows the DNA
to be more accessible to transcription factors (TFs) facilitating transcriptional activation
(STRUHL 1998). Hence, acetylated histones have been found to be enriched in euchromatic
and at active genes (ROH et al. 2005; VERDONE et al. 2005).

H2B

H2

H4

HH2

H

H3

H

Figure 1-2. Histone modifications. Post-translational modifications (PTMs) occur in the
N- or C- terminal tails (red threads) of histones protruded from the octamer core wrapped
by DNA. Histone PTMs are reversible through action of corresponding modifying
enzymes. Shown are four best-characterized histone PTMs controlling functional states of
chromatin. Figure adapted from Kato et al., BoneKEy Reports, 2015.
In contrast this is not the case with methylated histones. Some histone methylations
relate with euchromatin and active genes and others with heterochromatin and repression.
H3K4 mono- and tri-methylation are well characterized histone marks associated with
active chromatin (SANTOS-ROSA et al. 2002; HEINTZMAN et al. 2007), whereas H3K9 and
H3K27 di- and tri-methylations are implicated in repressed and inactive chromatin

4

respectively (SNOWDEN et al. 2002; PLATH et al. 2003; CHOSED AND DENT 2007; KOTAKE
et al. 2007). However, analysis on mono-methylations of H3K27 and H3K9 found these
marks to be enriched in active genes (BARSKI et al. 2007). Also interestingly, H3K4 and
H3K27, but not H3K9, tri-methylation was reported to be enriched together at certain
developmentally regulated genes in vertebrate Embryonic Stem Cells (ESCs), marks which
were termed as “bivalent” and shown to be differentially preserved during cell
differentiation (BERNSTEIN et al. 2006). One study indicated that such bivalent domains
were not found to be featured in the Drosophila genome during embryogenesis
(SCHUETTENGRUBER et al. 2009). Contrastingly, recent data suggest that bivalent
chromatin is a hallmark of genes that are highly relevant for wing development (SCHERTEL
et al. 2015).
These active and repressive marks on the histone residues are mediated by various
protein complexes such as histone acetyl transferases (HAT), histone deacetylases
(HDAC), methyltransferases, demethylases, histone kinases, phosphatases ubiquitin
ligases and deubiquitinating enzymes. Acetylated histones are targets of bromodomaincontaining chromatin-associated proteins like HAT complexes which correlate with
transcriptional activation. Brahma protein, a subunit of the ATP-dependent chromatin
remodeling Brm complex, was the first protein to be characterized as a bromodomain
protein. Bromodomains bind specifically to acetylated lysines and modulate the activity of
associated protein complexes. Studies in yeast on the GCN5 bromodomain bound to an
acetylated histone H4 peptide demonstrated the basis for specificity towards acetylated
lysine (OWEN et al. 2000). On the other hand methylated lysines are targets of
chromodomain-containing chromatin-associated proteins (MIN et al. 2003). Contrary to the
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bromodomain proteins that are commonly associated with transcriptional activation due to
acetylated lysines, chromodomain proteins recognize methylated lysines and can have
opposing functions (BOROS et al. 2014; SKENE et al. 2014).
One of the best examples comes from studies on developmental regulation of Hox
genes in Drosophila by the chromodomain containing subunits that are part of the
Polycomb Group (PcG) complexes, which are responsible for transcriptional repression,
and the Trithorax Group (TrxG) complexes, which are responsible for transcriptional
activation of their target genes (SCHUETTENGRUBER et al. 2007). Both the PcG and TrxG
complexes have chromodomain containing subunits that can recognize methylated lysines.
Specifically, PcG complexes can tri-methylate H3K9 through Suv39H1 and H3K27
through the E(Z) subunit of PRC2 and can recognize H3K27me3 through its
chromodomain containing Polycomb (Pc) subunit of PRC1 (MULLER et al. 2002; SCHOTTA
et al. 2002). TrxG proteins, on the other hand, can tri-methylate H3K4 through Ash1 and
Trx subunits and can recognize this mark by Nurf301 subunit in flies (GEISLER AND PARO
2015). Interactions between the marks and their recognizing complexes can broadly
contribute to activation or repression of chromatin and can further recruit ATP-dependent
chromatin-remodeling enzymes, such as Swi/Snf family, ISWI family, Ino80 family and
NuRD/Mi-2/CHD family, to either set up the assembly, disassembly or even sliding of the
nucleosomes. Chromatin remodelers have been implicated in various nuclear functions
such as activating, silencing, DNA repair and higher order chromatin organization after
DNA replication (CHEN AND DENT 2014).
In vertebrates DNA methylation plays a significant role in combination with histone
modifications to either directly change the chromatin structure or affect the binding of
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sequence specific transcription factors to define the expression profile of the associated
genes. Surprisingly DNA methylation is nearly absent or is present in very low levels
mainly during embryogenesis in Drosophila species (ZHANG et al. 2015). Nevertheless,
histones usually are the driving force for establishing the epigenetic code in eukaryotes.
Such studies have set a platform for further investigation into the folding properties of
chromatin and it’s implication in epigenetic mechanisms.
The higher order folding of chromatin can give rise to loops that can stretch over
several thousands of base pairs (bp) (GASSER AND LAEMMLI 1987; SPELLMAN AND RUBIN
2002). Differences in the structure of chromatin at various regions inside these loops can
influence the higher order genome organization. Such findings have suggested that these
chromatin domains probably have an underlying functional significance in regulating gene
expression through changes in structure by undergoing chromatin remodeling
(MANUELIDIS 1990; CREMER et al. 1993).
Chromatin loop model
Evidence suggests that eukaryotic chromosomes are organized into chromatin
loops through higher-order folding of the chromatin fiber (HENG et al. 2001). These
chromatin loops are segregated into a series of discrete and topologically independent
domains that are rigid at their base by their physical association with the nuclear matrix or
scaffold (MIRKOVITCH et al. 1984; MIRKOVITCH et al. 1988; VASSETZKY et al. 2000). A
distinct chromatin segment that functions as an anchor to the nuclear matrix or scaffold, is
responsible for formation of these loops. These chromatin segments are termed either
Scaffold-Associated Regions (SARs) or Matrix-Associated Regions (MARs) as
characterized by their preparation from metaphase or interphase cells respectively
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(MIRKOVITCH et al. 1984; IZAURRALDE et al. 1988; HART

AND

LAEMMLI 1998). The

chromatin loop domain associated with nuclear matrix has been reported to be an integral
component of gene regulation and genome packaging (BEREZNEY et al. 1995; HENG et al.
2001; RAZIN 2001). However, in this model the mechanisms responsible for the formation
of these chromatin loops are unclear and not well understood.
Regulatory Elements
Epigenetic mechanisms are regulated through DNA methylation, histone
modifications and RNA interference which can effectively alter the regulation of gene
expression by changing the chromatin structure. These processes happen in such a tightly
packed space that the contacts between different protein complexes involved in chromatin
remodeling, DNA repair, transcriptional regulation etc. have to be carefully coordinated,
and it is far from clear as to how this is achieved in the spatial and temporal constraints of
the nucleus (MISTELI 2007). The identification of non-coding functional DNA sequences
called regulatory elements, which can direct these mechanisms in the nucleus, has
contributed to the better understanding of the coordination of such complex nuclear
processes.
Homeotic mutations in the homeotic (HOX) gene cluster are one of the earliest and
best-studied examples of regulatory elements in Drosophila. These mutations can lead to
changes in the body patterning during early developmental stages. Specifically they alter
the identity of certain body parts by transforming them into other parts, such as growth of
an extra pair of legs from their head instead of normal antennae (LEWIS 1978). It was later
revealed through genetic analysis that these mutations often affect the regulatory elements
that are involved in controlling the expression of an associated HOX gene (STRUHL 1984;
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BENDER et al. 1985; KARCH et al. 1985). Thus regulatory elements provide the basis of
normal regulation of genes and mutations in these regions can have deleterious effects like
changes in the overall morphology (LEWIS et al. 1999; LIUBICICH et al. 2009). Enhancers,
silencers, and insulators are some examples of regulatory elements. Regulatory elements
recruit specific proteins to bind to them which help in the functioning of these elements
and affect the target sequences such as promoters and can activate or repress the associated
genes.
Insulator (Boundary) Elements
An insulator or boundary element is a specialized class of regulatory DNA
sequence that have the ability to structurally and functionally demarcate the individual
chromatin domains by their ability to cluster DNA loops (CAPELSON AND CORCES 2004;
MAEDA AND KARCH 2007). It has been suggested that insulators contribute to establishing
physical domains. Insulators are known to have properties consistent with a role in
blocking enhancer communication when placed between a promoter and an enhancer (Fig.
1-3A) (KELLUM AND SCHEDL 1992), and protecting bracketed genes from chromosomal
positional effects (Fig. 1-3B) (KELLUM AND SCHEDL 1991) helping to define the boundary
between differentially regulated loci. Based on these activities, it is proposed that insulators
separate genes into domains such that only intra-domain regulatory interactions can occur
(CAI AND LEVINE 1995; SCOTT AND GEYER 1995) and the spreading of heterochromatin
can be prevented from entering a domain (ROSEMAN et al. 1993; PRIOLEAU et al. 1999;
NOMA et al. 2001; SCOTT et al. 2006). Insulators have been found to be a common feature
in eukaryotic genomes ranging from yeast to humans. Early boundary elements
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characterized in yeast Saccharomyces cerevisiae were found to flank the transcriptionally
repressed HMR locus.

Figure 1-3. Reporter transgene assays used to define two properties of insulators. (A)
Enhancer-blocking assays score for the ability of a putative EB to interfere with the action
of an E on a linked P (red) specifically when placed between the two. Unlike silencers, an
enhancer-blocker would not interfere with enhanced transcription when positioned outside
of the E, for example, allowing enhancement of the lilac gene shown. (B) Barrier assays
score for the ability of a B to protect a reporter transgene from chromosomal position effect
silencing. Figure adapted from Barkess et al., Epigenomics, 2015.
These elements were shown to possess insulator activity by their blocking of the
communication of a silencer element with a nearby promoter when placed between these
elements at HMR and at telomeres. Further, they also acted as a barrier against
heterochromatin spreading (DONZE et al. 1999). Many insulator elements were
characterized in Drosophila such as gypsy, scs-scs’ insulators, Wari and others.
(MODOLELL et al. 1983; PARKHURST

AND

CORCES 1985; UDVARDY et al. 1985;

CHETVERINA et al. 2008). Recent studies in mammals have found that tRNA genes and
certain short interspersed nuclear elements (SINEs), which possess binding sites for
proteins such as CCCTC-binding factor and TFIIIC, have been implicated in insulator
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function (LUNYAK et al. 2007; EBERSOLE et al. 2011; ROMAN et al. 2011; RAAB et al.
2012).
Insulator (Architectural) Proteins
Insulator elements are bound by proteins, which are usually sequence specific and
can recruit other protein complexes in order to direct the function of insulators. Many of
the identified insulator proteins have DNA-binding domains, such as zinc finger domains.
Suppressor of Hairy wing, Su(Hw), a 12-zinc finger containing protein, was the first
insulator protein identified based on it enhancer blocking activity in Drosophila
(PARKHURST et al. 1988; SPANA et al. 1988; GEYER AND CORCES 1992). Other insulator
proteins, namely Boundary Element Associated Factor-32 (BEAF-32), Zeste white
5/Deformed wings (Zw5/Dwg), GAGA Associated Factor/Trithorax-like (GAF/Trl),
Centrosomal Protein 190 (CP190), Drosophila CCCTC-binding factor (dCTCF),
Chromator (Chro/Chriz), Mod(mdg4)67.2 and lately PITA, ZIPIC, Insulator binding factor
(Ibf1), Ibf2, dTFIIIC and Early Boundary Activity (Elba) have subsequently joined the list
of insulator proteins in Drosophila (BIGGIN

AND

TJIAN 1988; SOELLER et al. 1988;

GEORGIEV AND GERASIMOVA 1989; ZHAO et al. 1995; GASZNER et al. 1999; PAI et al. 2004;
RATH et al. 2004; MOON et al. 2005; AOKI et al. 2012; SEXTON et al. 2012; CUARTERO et
al. 2014; VAN BORTLE et al. 2014; MAKSIMENKO et al. 2015).
In mammals CCCTC-binding factor (CTCF) protein, an 11-zinc finger containing
protein is the only well characterized insulator protein that binds to a majority of the
insulator elements across various species. TFIIIC in humans, analogous to yeast, could be
an insulator protein. In addition to tRNA genes, it binds to extra-TFIIIC (ETC) sequences
present in SINE elements, which are known to possess insulator activity (LUNYAK et al.
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2007; RAAB et al. 2012; KIRKLAND et al. 2013). CTCF is widely considered as a master
regulator of the assembly of higher-order chromatin which works with a variety of proteins
like Cohesin, USF1, and VEZF1 to coordinate the insulator function and chromatin
organization (WEST et al. 2004; DICKSON et al. 2010; NICHOLS

AND

CORCES 2015;

YARDIMCI AND NOBLE 2015). CTCF was originally identified in vertebrates as a negative
regulator of transcription of the C-MYC gene (KLENOVA et al. 1993). CTCF was also
reported to be a transcriptional activator (FILIPPOVA et al. 1996; BURCIN et al. 1997;
VOSTROV

AND

QUITSCHKE 1997). It also plays a central role in the enhancer blocking

activity of several vertebrate insulators (BELL et al. 1999). The clear demonstration of the
regulation of IGF2-H19 genes by CTCF binding to its sites in the Imprinting Control
Region (ICR) of the un-methylated maternal chromosome but not the methylated ICR on
paternal chromosome reveals CTCF involvement in imprinting through its insulator
activity and it’s implication in human disease (BELL AND FELSENFELD 2000; HARK et al.
2000; KANDURI et al. 2000; SZABO et al. 2000).
Recently an orthologue of vertebrate CTCF in Drosophila (dCTCF) was
characterized which shares many features to its vertebrate counterpart (MOON et al. 2005).
The Fab-8 insulator element in the Abdominal-B (Abd-B) locus in Drosophila contains
dCTCF binding sites. Previous studies on Fab-8 in transgenic lines showed it to possess
enhancer blocking activity which was later supported by similar results in Drosophila S2
cells. The enhancer blocking activity of the Fab-8 insulator was further shown to depend
on dCTCF through RNAi knockdown of dCTCF in S2 cells (CIAVATTA et al. 2007).
dCTCF was shown to localize to numerous sites on the genome and also associates with
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other insulator and chromatin associated proteins (such as CP190 and BEAF32) at many
of its binding sites (NEGRE et al. 2010).
In the above mentioned studies insulator proteins have been predominantly shown
to function as enhancer blockers when placed between a promoter and an enhancer.
However, there is a recent surge of evidence indicating that insulator proteins can perform
more complex functions. Genome wide mapping found several Drosophila insulator
proteins localizing to thousands of sites in the genome of Drosophila. Similar results were
obtained for CTCF in mammals. This lead to the idea that insulator proteins have a wider
role to play, specifically in modulating genome architecture by separating regions that
require different expression patterns and thereby fine tune gene regulation. This is mediated
by modifying long-range chromosomal interactions, suggesting that insulator proteins play
a crucial part in facilitating an appropriate three-dimensional chromatin structure (VAN
BORTLE AND CORCES 2013). Hence insulator proteins are also referred to as “Architectural
Proteins” (PHILLIPS-CREMINS et al. 2013). However models proposed to describe the
complex mechanisms of genome folding by architectural proteins are still speculative in
nature and not much is known about molecular mechanisms used by these proteins to
organize the genome. TFIIIC and Cohesin, like CTCF, are highly conserved across several
species. However, their role as an insulator protein is not well known in some organisms.
Cohesin seems to work in conjunction with CTCF for insulator activity. From genomic
analyses it has become evident that CTCF is the only well-known insulator protein that is
highly conserved from insects to vertebrates. Interestingly, many of the several identified
insulator proteins are only found in Arthropods, and some appear to be limited
to Drosophila. A popular hypothesis for this observation is that presence of multiple
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classes of insulator proteins is critical for the regulation of compact genomes, like
Drosophila, where genes are in closer proximity to each other than in vertebrates (HEGER
et al. 2013). Nevertheless, many studies are in support of the model that insulator proteins
ranging from flies to mammals are involved in coordinating proper transcriptional
programs through chromatin remodeling and dynamic genome organization.
Topologically Associated Domains (TADs)
Regulation of gene expression in eukaryotes is a complex process. Promoters
proximal to genes drive gene expression, and the activity of promoters is further influenced
by interactions with distal regulatory elements like enhancers and silencer elements which
can be hundreds of kb away. These regulatory elements bind to specific proteins typically
referred to as transcription factors (TFs). These TFs modify the activity levels of targeted
promoters from large distances. This is thought to depend on TFs binding regulatory
elements in the same chromatin loop as the targeted promoter resides in. So, on a global
scale there must be an abundance of chromatin loops that populate the entire nucleus in
higher eukaryotes. Understanding how this looping organization and its dynamics in the
small space of nucleus facilitates processes such as proper gene regulation is a huge
challenge.
Recent advances in techniques to evaluate the principles of 3D genome folding and
organization have given better insights into the dynamic nature of chromatin. Methods like
‘Chromatin Confirmation Capture’ or 3C and its newer versions like 4C, 5C and
particularly Hi-C have been able to demonstrate chromatin interactions between different
regions across the genome (LIEBERMAN-AIDEN et al. 2009). Various research undertakings
to understand 3D genome organization, conducted in mouse, human and Drosophila model
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systems have revealed a similar pattern of chromatin domain arrangement called
‘Topologically Associated Domains (TADs) (DIXON et al. 2012; NORA et al. 2012;
SEXTON et al. 2012).
Heat maps of the data from Hi-C analyses showed extensive self-interactions of
chromatin occurs within many regions which were designated as TADs. These TADs were
found to be flanked by regions that had fewer interactions crossing over them as if there
are boundaries that delimit the TADs. This data was combined with a simple statistical
method, called the Directionality Index (DI), to systematically identify TADs across the
genome. The results were indicative of a pattern where DNA sequences inside the TAD
make numerous contacts within their native domains, but don’t make many contacts
outside of them (DIXON et al. 2012). Furthermore, positioning of TADs in metazoans was
found to be more or less similar across developmental stages and even in different cell
types.
In mouse ESCs (mESCs) the transcriptome patterns in the X-Inactivation Center
(XIC) region were shown to correlate with the expression profiles of TADs (NORA et al.
2012). This was found to be a similar theme on a global scale. Genes which are arranged
within the same TAD usually have similar transcriptional profiles whereas genes from
different TADs, even if they are adjacent, could have very contrasting profiles. This
suggests that TADs are like independently regulated units of chromatin. This indicates that
sharp boundaries indeed exist for individual TADs to allow these TADs to perform their
role as distinctively regulated modules. TADs also correlated with the constraining of
heterochromatin which is consistent with the idea of the presence of TAD boundaries
(DIXON et al. 2012). Due to the nature of their organization, TADs are considered to be the
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basic unit of chromosome folding. It is plausible that defects in TAD boundaries can lead
to misregulation of functional DNA residing in them, due to unintended chromosomal
contacts which could potentially alter the expression profile of these genes. This was
indeed confirmed through demonstration, where some unusual chromatin interactions
appeared after a deletion of a TAD boundary in the XIC region of mESCs. These ‘ectopic
contacts’, which were not detected in the wild type condition, were also accompanied by
inappropriate gene expression in that region (NORA et al. 2012). In another case TAD
boundary deletion generated in mice, which was based on human models that are affected
by

rare

limb

malformations

due

to

chromosomal

rearrangements

in

the

extended WNT6/IHH/EPHA4/PAX3 region, resulted in changes in interactions between
promoters and non-coding DNA as well in abnormal gene expression (LUPIANEZ et al.
2015). These mice further developed digital malformations similar to phenotypes observed
in human subjects. Together these results strengthened the original notion that TADs help
in placing certain regions together in order to coordinate regulation of genes that require
similar expression profiles, limit the role of regulatory elements to their native TAD, and
to delineate borders between regions that require differential regulation. TAD boundaries
were also reported to share early replication boundaries which help in replicating genomic
regions during S phase (POPE et al. 2014). This finding agrees with earlier predictions that
chromatin domains possess independent replication forks (HUBERMAN AND RIGGS 1968;
BUONGIORNO-NARDELLI et al. 1982; HAY et al. 1987). Thus TADs can ensure proper DNA
replication and direct the modulation of chromatin structure thereby regulating gene
expression.
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Although the discovery of TADs provided great insights into the role of chromatin
structure in gene regulation, it is not entirely evident how TADs are regulated at their
boundaries. Mammalian TAD borders were found to be enriched for the insulator binding
protein CTCF, housekeeping genes, tRNA genes and SINE elements suggesting that these
sequences play a critical role in establishing the topological domain structure of the genome
in mammals (DIXON et al. 2012). In Drosophila, comparison of protein occupancy with
respect to TAD localization further revealed a significant enrichment for high occupancy
aligned protein binding sites for known insulator proteins (BEAF32, Su(Hw) and dCTCF)
near TAD borders identified by high-throughput chromosome conformation capture
experiments (HOU et al. 2012; VAN BORTLE et al. 2012).
CTCF and Cohesin complex were shown to interact extensively in mammals at
various sites on the genome which correlated with TAD borders (Fig. 1-4) (RUBIO et al.
2008; WENDT et al. 2008; HADJUR et al. 2009; NATIVIO et al. 2009). Dimers form between
oppositely oriented CTCF sites and long range looping occurs between such sites (RAO et
al. 2014;

DE

WIT et al. 2015; GOMEZ-MARIN et al. 2015; VIETRI RUDAN et al. 2015). In

line with this, disrupting the orientation of one CTCF site reorganizes these loop
configurations (GUO et al. 2015). A loop extrusion model has been proposed with two
Cohesin complex rings at the helm in this mechanism, where a loop of chromatin is
extruded through the pair of Cohesin complexes (SANBORN et al. 2015). Similar models
have been proposed where the extrusion of chromatin loops via Cohesin is delimited by
oppositely oriented CTCF sites (BOUWMAN AND DE LAAT 2015; NICHOLS

AND

CORCES

2015). In this view, favored orientation of CTCF sites that are looped via CTCF-cohesin
complex would correlate with TAD borders. Although contacts in the 3D space of the
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nucleus are abundant, within as well as between TADs, compact molecular organization
that is implemented by loop extrusion could be a universal mechanism to enhance contacts
between elements located within the same TAD.

Figure 1-4. Models for TAD organization in mammals. a) Hi-C profiles reveal that the
mammalian genome is organized into TADs: regions that show high levels of interaction
within the region and little or no interaction with neighbouring regions. The heat map
represents normalized Hi-C interaction frequencies. b) Schematic of putative TAD
structures. The central regions of TADs show high levels of chromatin interaction and
coincide with the presence of tissue-specific genes and their associated enhancers, the
interactions of which with their cognate promoters are facilitated by the presence of
cohesin and CCCTC-binding factor (CTCF). The border regions between TADs are
enriched for housekeeping genes, which are often clustered together and generally lack the
widely dispersed distal enhancers that are found around tissue-specific genes. The border
regions show high levels of CTCF and cohesin binding, although only CTCF seems to
prevent interactions between TADs. Figure adapted from Pombo et al., Nature Reviews
Molecular Cell Biology, 2015.
Studies immersed in unraveling the functional significance of TADs in
coordinating communication between regulatory elements have indicated that enhancers
can be specific to certain promoter types, in contrast to earlier findings which considered
enhancers to be highly promiscuous, likely driven by biomolecular compatibility between
promoters and enhancers (VAN ARENSBERGEN et al. 2014). Other advanced methods such
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as self-transcribing active regulatory region sequencing (STARR-seq) technology have
been used in Drosophila to perform genome-wide studies which uncovered some of the
principles underlying the enhancer-promoter compatibility where enhancers of
housekeeping and developmental promoters belong to different subclasses of regulatory
elements (ZABIDI et al. 2015).
All these observations from the aforementioned research strongly indicate that
TAD boundaries correlate well with the genomic regions exhibiting insulator and barrier
element activity. Indeed several insulator proteins have been found to be enriched at the
TAD borders, consistent with this assumption. This reveals the potential genome-wide role
of insulators in the formation of topological domains and in transcriptional control through
long-range communication between various genomic loci, ranging from flies to humans.
Boundary Element Associated Factor (BEAF)
Our studies primarily involve understanding the role of insulator elements since
they are heavily implicated in gene expression and higher order chromatin organization
through the formation of TADs. Hence we are also focused on characterizing insulator
proteins that bind insulator elements. Some of the first insulator elements to be identified
are the scs and scs' sequences which bracket the Hsp70 genes at the 87A7 locus of
Drosophila (UDVARDY et al. 1985). The CGATA motifs in scs' are bound by Boundary
Element Associated Factor (BEAF), a complex of two proteins. These two 32 kDa proteins
are made from the same gene, and so are referred to as BEAF-32A and BEAF-32B or
simply 32A and 32B (Fig. 1-5). They differ only in their N-termini which have a unique
DNA binding domain. BEAF was shown to immunolocalize at numerous interbands and
puff boundaries on polytene chromosomes (ZHAO et al. 1995), and in addition to scs’, other
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genomic BEAF binding sites possess insulator activity (CUVIER et al. 1998; CUVIER et al.
2002). This could mean that a chromosomal domain is represented on polytene
chromosomes by these interbands and that BEAF-associated boundaries are commonly
used. BEAF also remains on mitotic chromosomes (HART et al. 1999).
BED
Finger
32

Middle Region

LZ
BESS
Domain Domain

32B
BED
Finger
Figure 1-5. BEAF-32A and 32B protein isoforms differing only in their N-Termini that
harbors a different DNA binding domain called BED-finger (similar to a C2H2 Zincfinger) in each isoform.The common portion of these isoforms start from the middle region,
that has no known function, followed by a putative Leucine Zipper (LZ) domain and a
BESS domain at the C-terminus.
The BEAF-32A and BEAF-32B isoforms can apparently form trimers, and the ratio
of 32A to 32B may vary at different loci on polytene chromosomes as observed by
immunofluorescence (ZHAO et al. 1995; CUVIER et al. 1998). These two isoforms are
presumably made by using alternative promoters, and differ only in their N-termini which
are both around 80 amino acids. Three regions have been characterized in these proteins
(Fig. 1-5). The N-termini for both isoforms contain a single atypical DNA binding zinc
finger called BEAF & DREF (BED) finger (ARAVIND 2000); the middle region of around
120 amino acids which has no known function; and the C-terminal region of around 80
amino acids which contains a putative leucine zipper and a BESS domain (LANDSCHULZ
et al. 1988; DELATTRE et al. 2002). 32A and 32B can form homo- and hetero- dimers,
trimers and possibly larger oligomers with varying ratios of 32A to 32B. Hetero-complex
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formation is common and is mediated by their identical carboxy-terminal domains, and
DNA binding is mediated by their unique amino-terminal domains (HART et al. 1997).
Previous genetic experiments, where a lethal line was generated by knocking out
both isoforms (the BEAFAB-KO line) thereby eliminating both BEAF proteins revealed that
BEAF is essential. Position effect variegation (PEV) was also enhanced in the absence of
BEAF, suggesting that it affects heterochromatin spreading (GILBERT et al. 2006). One
study indicated that the middle region of BEAF contains a predicted coiled-coil domain
and several potential sites for post-translational modifications, including O-glycosylation,
and is critical for its association with the nuclear matrix (PATHAK et al. 2007).
An inducible dominant negative form of BEAF, named BEAF Interacting Domain
(BID), was engineered in our lab which encodes the BEAF self-interaction domain but
lacks a DNA binding domain (GILBERT et al. 2006). Driving expression of the BID
transgene by daughterless-GAL4 leads to embryonic lethality. The role of BEAF in
maintaining the insulator activity of scs’ has been demonstrated by using BID and also by
BEAFAB-KO allele (GILBERT et al. 2006; ROY et al. 2007a). Further studies indicate that
absence of maternal and zygotic BEAF results in female lethality by the pharate adult stage
or shortly after eclosing. These observations indicate that BEAF plays an important role
during development, particularly in females, although sickly adults can be obtained that
lack BEAF. Maternally provided BEAF is sufficient for development to the adult stage,
although flies that cannot produce their own 32B could die easily and females are nearly
sterile. In addition to the BEAFAB-KO line, a knock-out allele was generated that eliminates
production of just 32A. In combination with rescue transgenes, it was found that only 32B
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appears to be essential for normal growth and development in Drosophila and 32A is not
needed for survival (ROY et al. 2007a).
Additionally, both genetic tools showed that polytene chromosome structure is
disrupted in the absence of BEAF activity. Together, this demonstrates that the BEAF
proteins are insulator proteins that affect chromatin structure or dynamics. Expression of
BID in eye imaginal discs leads to a rough eye phenotype demonstrating a role in eye
development (GILBERT et al. 2006). A genetic screen using the BID transgene driven
specifically in the eyes by eyeless-GAL4 found 17 proteins that genetically interact with
BEAF. Most of these proteins are either insulator proteins, transcription factors or general
transcription factors (ROY et al. 2007b).
Interestingly a link between BEAF and transcriptional regulation was also found.
Genome-wide mapping of BEAF in our lab found 1820 BEAF peaks, and the centers of
more than 85% of these were less than 300 bp from transcription start sites (JIANG et al.
2009). Other genome-wide studies also showed a similar correlation (BUSHEY et al. 2009;
NEGRE et al. 2010). Quantitative reverse transcription-PCR, showed that the expression
levels of most tested BEAF-associated genes decrease in embryos and cultured cells
lacking BEAF. These results provide an unexpected link between BEAF and transcription,
suggesting that BEAF may play a role in maintaining promoter architecture conducive to
transcription (JIANG et al. 2009). BEAF was found to localize near head-to-head gene pairs
more than at other gene organizations. It is speculated that differential expression of these
gene pairs involves BEAF (YANG et al. 2012). BEAF co-localizes with other insulator
proteins at hundreds of sites, presumably forming distinct insulator protein complexes,
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which are implicated in structural and functional demarcation of the genome (NEGRE et al.
2010; SEXTON et al. 2012; VAN BORTLE et al. 2012; VOGELMANN et al. 2014).
Research objectives
The main two goals of this undertaking were 1) to characterize BEAF proteins
through genetic, biochemical and cell biological means in order to determine essential
domains, map the region that mediates self-interactions and to evaluate their in vivo
dynamics using protein fusions to fluorescent proteins; 2) To identify novel BEAF
interacting proteins, map the interaction regions inside BEAF and these proteins to identify
domains that are responsible for the interactions, and to further test the significance of these
physical interactions.
In Chapter Two, I report characterization of the BEAF proteins. I describe the
region of BEAF that mediates BEAF-BEAF interactions by generating protein deletions of
BEAF for use in yeast two-hybrid (Y2H) assays. These interactions were also tested using
bacterially expressed proteins in pull-down experiments. In order to determine the essential
domains, four different mutant constructs of 32B were generated and tested for their ability
to rescue a null BEAF allele in transgenic flies.
In Chapter Three, experiments looking for protein partners of BEAF are described.
Several proteins identified from a previous genetic screen (ROY et al. 2007b), were tested
for physical interactions with BEAF, leading to the identification of several
developmentally regulated transcription factors as BEAF partner proteins. This was
followed by Y2H screening of a cDNA library where we found an additional TF and a
couple of proteins linked to chromatin remodeling. Interactions were confirmed by pulldown experiments. I further mapped interactions to sub-regions of the TFs and BEAF using
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Y2H and pull-down experiments. Finally, I used the rough-eye genetic screen, previously
used in our lab (ROY et al. 2007b), to test for functional interactions with BEAF.
To study the dynamics of 32A and 32B isoforms, in Chapter Four, we used gene
fusions to express 32A-EGFP and 32B-mRFP fluorescent proteins in transgenic flies.
These were used to observe their localization patterns on polytene chromosomes without
fixation. I also performed fluorescent recovery after photobleaching (FRAP) on polytene
chromosomes to assess the exchange rates of 32A vs 32B. In addition, the behavior of both
proteins during mitosis in embryos was documented.
Finally, in Chapter Five, I set up a one-on-one Y2H screen to identify interactions
between various insulator proteins. In Chapter Three, I did not detect insulator protein
interactions reported by others. Also, such information is scattered in the literature and has
some inconsistencies. So we decided to test insulator protein interactions by Y2H and pulldown experiments. Altogether, results from our experiments presented here provide a
framework to explore the underlying mechanisms of BEAF function and to lay a
foundation for future studies in identifying a direct connection of BEAF in transcriptional
regulation and affecting chromatin structure.
References
Aoki, T., A. Sarkeshik, J. Yates and P. Schedl, 2012 Elba, a novel developmentally
regulated chromatin boundary factor is a hetero-tripartite DNA binding complex.
Elife 1: e00171.
Aravind, L., 2000 The BED finger, a novel DNA-binding domain in chromatin-boundaryelement-binding proteins and transposases. Trends Biochem Sci 25: 421-423.
Arnaudo, A. M., and B. A. Garcia, 2013 Proteomic characterization of novel histone posttranslational modifications. Epigenetics Chromatin 6: 24.
Barski, A., S. Cuddapah, K. Cui, T. Y. Roh, D. E. Schones et al., 2007 High-resolution
profiling of histone methylations in the human genome. Cell 129: 823-837.
24

Bell, A. C., and G. Felsenfeld, 2000 Methylation of a CTCF-dependent boundary controls
imprinted expression of the Igf2 gene. Nature 405: 482-485.
Bell, A. C., A. G. West and G. Felsenfeld, 1999 The protein CTCF is required for the
enhancer blocking activity of vertebrate insulators. Cell 98: 387-396.
Bender, W., B. Weiffenbach, F. Karch and M. Peifer, 1985 Domains of cis-interaction in
the bithorax complex. Cold Spring Harb Symp Quant Biol 50: 173-180.
Berezney, R., M. J. Mortillaro, H. Ma, X. Wei and J. Samarabandu, 1995 The nuclear
matrix: a structural milieu for genomic function. Int Rev Cytol 162A: 1-65.
Bernstein, B. E., T. S. Mikkelsen, X. Xie, M. Kamal, D. J. Huebert et al., 2006 A bivalent
chromatin structure marks key developmental genes in embryonic stem cells. Cell
125: 315-326.
Biggin, M. D., and R. Tjian, 1988 Transcription factors that activate the Ultrabithorax
promoter in developmentally staged extracts. Cell 53: 699-711.
Boros, J., N. Arnoult, V. Stroobant, J. F. Collet and A. Decottignies, 2014 Polycomb
repressive complex 2 and H3K27me3 cooperate with H3K9 methylation to
maintain heterochromatin protein 1alpha at chromatin. Mol Cell Biol 34: 36623674.
Bouwman, B. A., and W. de Laat, 2015 Getting the genome in shape: the formation of
loops, domains and compartments. Genome Biol 16: 154.
Briggs, S. D., and B. D. Strahl, 2002 Unraveling heterochromatin. Nat Genet 30: 241-242.
Buongiorno-Nardelli, M., G. Micheli, M. T. Carri and M. Marilley, 1982 A relationship
between replicon size and supercoiled loop domains in the eukaryotic genome.
Nature 298: 100-102.
Burcin, M., R. Arnold, M. Lutz, B. Kaiser, D. Runge et al., 1997 Negative protein 1, which
is required for function of the chicken lysozyme gene silencer in conjunction with
hormone receptors, is identical to the multivalent zinc finger repressor CTCF. Mol
Cell Biol 17: 1281-1288.
Bushey, A. M., E. Ramos and V. G. Corces, 2009 Three subclasses of a Drosophila
insulator show distinct and cell type-specific genomic distributions. Genes Dev 23:
1338-1350.
Cai, H., and M. Levine, 1995 Modulation of enhancer-promoter interactions by insulators
in the Drosophila embryo. Nature 376: 533-536.

25

Capelson, M., and V. G. Corces, 2004 Boundary elements and nuclear organization. Biol
Cell 96: 617-629.
Chen, T., and S. Y. Dent, 2014 Chromatin modifiers and remodellers: regulators of cellular
differentiation. Nat Rev Genet 15: 93-106.
Chetverina, D., E. Savitskaya, O. Maksimenko, L. Melnikova, O. Zaytseva et al., 2008 Red
flag on the white reporter: a versatile insulator abuts the white gene in Drosophila
and is omnipresent in mini-white constructs. Nucleic Acids Res 36: 929-937.
Chosed, R., and S. Y. Dent, 2007 A two-way street: LSD1 regulates chromatin boundary
formation in S. pombe and Drosophila. Mol Cell 26: 160-162.
Ciavatta, D., S. Rogers and T. Magnuson, 2007 Drosophila CTCF is required for Fab-8
enhancer blocking activity in S2 cells. J Mol Biol 373: 233-239.
Cremer, T., A. Kurz, R. Zirbel, S. Dietzel, B. Rinke et al., 1993 Role of chromosome
territories in the functional compartmentalization of the cell nucleus. Cold Spring
Harb Symp Quant Biol 58: 777-792.
Cuartero, S., U. Fresan, O. Reina, E. Planet and M. L. Espinas, 2014 Ibf1 and Ibf2 are
novel CP190-interacting proteins required for insulator function. EMBO J 33: 637647.
Cuvier, O., C. M. Hart, E. Kas and U. K. Laemmli, 2002 Identification of a multicopy
chromatin boundary element at the borders of silenced chromosomal domains.
Chromosoma 110: 519-531.
Cuvier, O., C. M. Hart and U. K. Laemmli, 1998 Identification of a class of chromatin
boundary elements. Mol Cell Biol 18: 7478-7486.
de Wit, E., E. S. Vos, S. J. Holwerda, C. Valdes-Quezada, M. J. Verstegen et al., 2015
CTCF Binding Polarity Determines Chromatin Looping. Mol Cell 60: 676-684.
Delattre, M., A. Spierer, N. Hulo and P. Spierer, 2002 A new gene in Drosophila
melanogaster, Ravus, the phantom of the modifier of position-effect variegation
Su(var)3-7. Int J Dev Biol 46: 167-171.
Dickson, J., H. Gowher, R. Strogantsev, M. Gaszner, A. Hair et al., 2010 VEZF1 elements
mediate protection from DNA methylation. PLoS Genet 6: e1000804.
Dixon, J. R., S. Selvaraj, F. Yue, A. Kim, Y. Li et al., 2012 Topological domains in
mammalian genomes identified by analysis of chromatin interactions. Nature 485:
376-380.

26

Donze, D., C. R. Adams, J. Rine and R. T. Kamakaka, 1999 The boundaries of the silenced
HMR domain in Saccharomyces cerevisiae. Genes Dev 13: 698-708.
Ebersole, T., J. H. Kim, A. Samoshkin, N. Kouprina, A. Pavlicek et al., 2011 tRNA genes
protect a reporter gene from epigenetic silencing in mouse cells. Cell Cycle 10:
2779-2791.
Elgin, S. C., and H. Weintraub, 1975 Chromosomal proteins and chromatin structure. Annu
Rev Biochem 44: 725-774.
Filippova, G. N., S. Fagerlie, E. M. Klenova, C. Myers, Y. Dehner et al., 1996 An
exceptionally conserved transcriptional repressor, CTCF, employs different
combinations of zinc fingers to bind diverged promoter sequences of avian and
mammalian c-myc oncogenes. Mol Cell Biol 16: 2802-2813.
Finch, J. T., and A. Klug, 1976 Solenoidal model for superstructure in chromatin. Proc Natl
Acad Sci U S A 73: 1897-1901.
Fuentes-Mascorro, G., M. Vergara-Onofre, E. Mercado, O. Hernandez-Perez and A.
Rosado, 2000 Participation of DNA structure on sperm chromatin organization.
Arch Androl 45: 61-71.
Gasser, S. M., 1995 Chromosome structure. Coiling up chromosomes. Curr Biol 5: 357360.
Gasser, S. M., and U. K. Laemmli, 1987 Improved methods for the isolation of individual
and clustered mitotic chromosomes. Exp Cell Res 173: 85-98.
Gaszner, M., J. Vazquez and P. Schedl, 1999 The Zw5 protein, a component of the scs
chromatin domain boundary, is able to block enhancer-promoter interaction. Genes
Dev 13: 2098-2107.
Geisler, S. J., and R. Paro, 2015 Trithorax and Polycomb group-dependent regulation: a
tale of opposing activities. Development 142: 2876-2887.
Georgiev, P. G., and T. I. Gerasimova, 1989 Novel genes influencing the expression of the
yellow locus and mdg4 (gypsy) in Drosophila melanogaster. Mol Gen Genet 220:
121-126.
Geyer, P. K., and V. G. Corces, 1992 DNA position-specific repression of transcription by
a Drosophila zinc finger protein. Genes Dev 6: 1865-1873.
Gilbert, M. K., Y. Y. Tan and C. M. Hart, 2006 The Drosophila boundary elementassociated factors BEAF-32A and BEAF-32B affect chromatin structure. Genetics
173: 1365-1375.

27

Gomez-Marin, C., J. J. Tena, R. D. Acemel, M. Lopez-Mayorga, S. Naranjo et al., 2015
Evolutionary comparison reveals that diverging CTCF sites are signatures of
ancestral topological associating domains borders. Proc Natl Acad Sci U S A 112:
7542-7547.
Guo, Y., Q. Xu, D. Canzio, J. Shou, J. Li et al., 2015 CRISPR Inversion of CTCF Sites
Alters Genome Topology and Enhancer/Promoter Function. Cell 162: 900-910.
Hadjur, S., L. M. Williams, N. K. Ryan, B. S. Cobb, T. Sexton et al., 2009 Cohesins form
chromosomal cis-interactions at the developmentally regulated IFNG locus. Nature
460: 410-413.
Hark, A. T., C. J. Schoenherr, D. J. Katz, R. S. Ingram, J. M. Levorse et al., 2000 CTCF
mediates methylation-sensitive enhancer-blocking activity at the H19/Igf2 locus.
Nature 405: 486-489.
Hart, C. M., O. Cuvier and U. K. Laemmli, 1999 Evidence for an antagonistic relationship
between the boundary element-associated factor BEAF and the transcription factor
DREF. Chromosoma 108: 375-383.
Hart, C. M., and U. K. Laemmli, 1998 Facilitation of chromatin dynamics by SARs. Curr
Opin Genet Dev 8: 519-525.
Hart, C. M., K. Zhao and U. K. Laemmli, 1997 The scs' boundary element: characterization
of boundary element-associated factors. Mol Cell Biol 17: 999-1009.
Hay, R. T., P. Barrett, L. Clark and M. Harris, 1987 The role of sequence-specific DNAbinding proteins in adenovirus DNA replication. J Cell Sci Suppl 7: 51-65.
Heger, P., R. George and T. Wiehe, 2013 Successive gain of insulator proteins in arthropod
evolution. Evolution 67: 2945-2956.
Heintzman, N. D., R. K. Stuart, G. Hon, Y. Fu, C. W. Ching et al., 2007 Distinct and
predictive chromatin signatures of transcriptional promoters and enhancers in the
human genome. Nat Genet 39: 311-318.
Heng, H. H., S. A. Krawetz, W. Lu, S. Bremer, G. Liu et al., 2001 Re-defining the
chromatin loop domain. Cytogenet Cell Genet 93: 155-161.
Henikoff, S., 2005 Histone modifications: combinatorial complexity or cumulative
simplicity? Proc Natl Acad Sci U S A 102: 5308-5309.
Hou, C., L. Li, Z. S. Qin and V. G. Corces, 2012 Gene density, transcription, and insulators
contribute to the partition of the Drosophila genome into physical domains. Mol
Cell 48: 471-484.

28

Huberman, J. A., and A. D. Riggs, 1968 On the mechanism of DNA replication in
mammalian chromosomes. J Mol Biol 32: 327-341.
Izaurralde, E., J. Mirkovitch and U. K. Laemmli, 1988 Interaction of DNA with nuclear
scaffolds in vitro. J Mol Biol 200: 111-125.
Jiang, N., E. Emberly, O. Cuvier and C. M. Hart, 2009 Genome-wide mapping of boundary
element-associated factor (BEAF) binding sites in Drosophila melanogaster links
BEAF to transcription. Mol Cell Biol 29: 3556-3568.
Kanduri, C., V. Pant, D. Loukinov, E. Pugacheva, C. F. Qi et al., 2000 Functional
association of CTCF with the insulator upstream of the H19 gene is parent of originspecific and methylation-sensitive. Curr Biol 10: 853-856.
Karch, F., B. Weiffenbach, M. Peifer, W. Bender, I. Duncan et al., 1985 The abdominal
region of the bithorax complex. Cell 43: 81-96.
Kellum, R., and P. Schedl, 1991 A position-effect assay for boundaries of higher order
chromosomal domains. Cell 64: 941-950.
Kellum, R., and P. Schedl, 1992 A group of scs elements function as domain boundaries
in an enhancer-blocking assay. Mol Cell Biol 12: 2424-2431.
Kirkland, J. G., J. R. Raab and R. T. Kamakaka, 2013 TFIIIC bound DNA elements in
nuclear organization and insulation. Biochim Biophys Acta 1829: 418-424.
Klenova, E. M., R. H. Nicolas, H. F. Paterson, A. F. Carne, C. M. Heath et al., 1993 CTCF,
a conserved nuclear factor required for optimal transcriptional activity of the
chicken c-myc gene, is an 11-Zn-finger protein differentially expressed in multiple
forms. Mol Cell Biol 13: 7612-7624.
Kotake, Y., R. Cao, P. Viatour, J. Sage, Y. Zhang et al., 2007 pRB family proteins are
required for H3K27 trimethylation and Polycomb repression complexes binding to
and silencing p16INK4alpha tumor suppressor gene. Genes Dev 21: 49-54.
Laemmli, U. K., 1978 Levels of organization of the DNA in eucaryotic chromosomes.
Pharmacol Rev 30: 469-476.
Landschulz, W. H., P. F. Johnson and S. L. McKnight, 1988 The leucine zipper: a
hypothetical structure common to a new class of DNA binding proteins. Science
240: 1759-1764.
Lewis, D. L., M. A. DeCamillis, C. R. Brunetti, G. Halder, V. A. Kassner et al., 1999
Ectopic gene expression and homeotic transformations in arthropods using
recombinant Sindbis viruses. Curr Biol 9: 1279-1287.

29

Lewis, E. B., 1978 A gene complex controlling segmentation in Drosophila. Nature 276:
565-570.
Lieberman-Aiden, E., N. L. van Berkum, L. Williams, M. Imakaev, T. Ragoczy et al., 2009
Comprehensive mapping of long-range interactions reveals folding principles of
the human genome. Science 326: 289-293.
Liubicich, D. M., J. M. Serano, A. Pavlopoulos, Z. Kontarakis, M. E. Protas et al., 2009
Knockdown of Parhyale Ultrabithorax recapitulates evolutionary changes in
crustacean appendage morphology. Proc Natl Acad Sci U S A 106: 13892-13896.
Luger, K., A. W. Mader, R. K. Richmond, D. F. Sargent and T. J. Richmond, 1997 Crystal
structure of the nucleosome core particle at 2.8 A resolution. Nature 389: 251-260.
Lunyak, V. V., G. G. Prefontaine, E. Nunez, T. Cramer, B. G. Ju et al., 2007
Developmentally regulated activation of a SINE B2 repeat as a domain boundary
in organogenesis. Science 317: 248-251.
Lupianez, D. G., K. Kraft, V. Heinrich, P. Krawitz, F. Brancati et al., 2015 Disruptions of
topological chromatin domains cause pathogenic rewiring of gene-enhancer
interactions. Cell 161: 1012-1025.
Maeda, R. K., and F. Karch, 2007 Making connections: boundaries and insulators in
Drosophila. Curr Opin Genet Dev 17: 394-399.
Maeshima, K., S. Hihara and M. Eltsov, 2010 Chromatin structure: does the 30-nm fibre
exist in vivo? Curr Opin Cell Biol 22: 291-297.
Maksimenko, O., M. Bartkuhn, V. Stakhov, M. Herold, N. Zolotarev et al., 2015 Two new
insulator proteins, Pita and ZIPIC, target CP190 to chromatin. Genome Res 25: 8999.
Manuelidis, L., 1990 A view of interphase chromosomes. Science 250: 1533-1540.
McGhee, J. D., and G. Felsenfeld, 1980 The number of charge-charge interactions
stabilizing the ends of nucleosome DNA. Nucleic Acids Res 8: 2751-2769.
Min, J., Y. Zhang and R. M. Xu, 2003 Structural basis for specific binding of Polycomb
chromodomain to histone H3 methylated at Lys 27. Genes Dev 17: 1823-1828.
Mirkovitch, J., S. M. Gasser and U. K. Laemmli, 1988 Scaffold attachment of DNA loops
in metaphase chromosomes. J Mol Biol 200: 101-109.
Mirkovitch, J., M. E. Mirault and U. K. Laemmli, 1984 Organization of the higher-order
chromatin loop: specific DNA attachment sites on nuclear scaffold. Cell 39: 223232.
30

Misteli, T., 2007 Beyond the sequence: cellular organization of genome function. Cell 128:
787-800.
Modolell, J., W. Bender and M. Meselson, 1983 Drosophila melanogaster mutations
suppressible by the suppressor of Hairy-wing are insertions of a 7.3-kilobase
mobile element. Proc Natl Acad Sci U S A 80: 1678-1682.
Moon, H., G. Filippova, D. Loukinov, E. Pugacheva, Q. Chen et al., 2005 CTCF is
conserved from Drosophila to humans and confers enhancer blocking of the Fab-8
insulator. EMBO Rep 6: 165-170.
Muller, J., C. M. Hart, N. J. Francis, M. L. Vargas, A. Sengupta et al., 2002 Histone
methyltransferase activity of a Drosophila Polycomb group repressor complex. Cell
111: 197-208.
Nativio, R., K. S. Wendt, Y. Ito, J. E. Huddleston, S. Uribe-Lewis et al., 2009 Cohesin is
required for higher-order chromatin conformation at the imprinted IGF2-H19 locus.
PLoS Genet 5: e1000739.
Negre, N., C. D. Brown, P. K. Shah, P. Kheradpour, C. A. Morrison et al., 2010 A
comprehensive map of insulator elements for the Drosophila genome. PLoS Genet
6: e1000814.
Nichols, M. H., and V. G. Corces, 2015 A CTCF Code for 3D Genome Architecture. Cell
162: 703-705.
Noma, K., C. D. Allis and S. I. Grewal, 2001 Transitions in distinct histone H3 methylation
patterns at the heterochromatin domain boundaries. Science 293: 1150-1155.
Nora, E. P., B. R. Lajoie, E. G. Schulz, L. Giorgetti, I. Okamoto et al., 2012 Spatial
partitioning of the regulatory landscape of the X-inactivation centre. Nature 485:
381-385.
Owen, D. J., P. Ornaghi, J. C. Yang, N. Lowe, P. R. Evans et al., 2000 The structural basis
for the recognition of acetylated histone H4 by the bromodomain of histone
acetyltransferase gcn5p. EMBO J 19: 6141-6149.
Pai, C. Y., E. P. Lei, D. Ghosh and V. G. Corces, 2004 The centrosomal protein CP190 is
a component of the gypsy chromatin insulator. Mol Cell 16: 737-748.
Parkhurst, S. M., and V. G. Corces, 1985 Forked, gypsys, and suppressors in Drosophila.
Cell 41: 429-437.
Parkhurst, S. M., D. A. Harrison, M. P. Remington, C. Spana, R. L. Kelley et al., 1988 The
Drosophila su(Hw) gene, which controls the phenotypic effect of the gypsy
31

transposable element, encodes a putative DNA-binding protein. Genes Dev 2:
1205-1215.
Pathak, R. U., N. Rangaraj, S. Kallappagoudar, K. Mishra and R. K. Mishra, 2007
Boundary element-associated factor 32B connects chromatin domains to the
nuclear matrix. Mol Cell Biol 27: 4796-4806.
Phillips-Cremins, J. E., M. E. Sauria, A. Sanyal, T. I. Gerasimova, B. R. Lajoie et al., 2013
Architectural protein subclasses shape 3D organization of genomes during lineage
commitment. Cell 153: 1281-1295.
Pimpinelli, S., W. Sullivan, M. Prout and L. Sandler, 1985 On biological functions
mapping to the heterochromatin of Drosophila melanogaster. Genetics 109: 701724.
Plath, K., J. Fang, S. K. Mlynarczyk-Evans, R. Cao, K. A. Worringer et al., 2003 Role of
histone H3 lysine 27 methylation in X inactivation. Science 300: 131-135.
Pope, B. D., T. Ryba, V. Dileep, F. Yue, W. Wu et al., 2014 Topologically associating
domains are stable units of replication-timing regulation. Nature 515: 402-405.
Prioleau, M. N., P. Nony, M. Simpson and G. Felsenfeld, 1999 An insulator element and
condensed chromatin region separate the chicken beta-globin locus from an
independently regulated erythroid-specific folate receptor gene. EMBO J 18: 40354048.
Raab, J. R., J. Chiu, J. Zhu, S. Katzman, S. Kurukuti et al., 2012 Human tRNA genes
function as chromatin insulators. EMBO J 31: 330-350.
Rao, S. S., M. H. Huntley, N. C. Durand, E. K. Stamenova, I. D. Bochkov et al., 2014 A
3D map of the human genome at kilobase resolution reveals principles of chromatin
looping. Cell 159: 1665-1680.
Rath, U., D. Wang, Y. Ding, Y. Z. Xu, H. Qi et al., 2004 Chromator, a novel and essential
chromodomain protein interacts directly with the putative spindle matrix protein
skeletor. J Cell Biochem 93: 1033-1047.
Razin, S. V., 2001 The nuclear matrix and chromosomal DNA loops: is their any
correlation between partitioning of the genome into loops and functional domains?
Cell Mol Biol Lett 6: 59-69.
Richmond, T. J., J. T. Finch, B. Rushton, D. Rhodes and A. Klug, 1984 Structure of the
nucleosome core particle at 7 A resolution. Nature 311: 532-537.
Roh, T. Y., S. Cuddapah and K. Zhao, 2005 Active chromatin domains are defined by
acetylation islands revealed by genome-wide mapping. Genes Dev 19: 542-552.
32

Roman, A. C., F. J. Gonzalez-Rico and P. M. Fernandez-Salguero, 2011 B1-SINE
retrotransposons: Establishing genomic insulatory networks. Mob Genet Elements
1: 66-70.
Roseman, R. R., V. Pirrotta and P. K. Geyer, 1993 The su(Hw) protein insulates expression
of the Drosophila melanogaster white gene from chromosomal position-effects.
EMBO J 12: 435-442.
Roy, S., M. K. Gilbert and C. M. Hart, 2007a Characterization of BEAF mutations isolated
by homologous recombination in Drosophila. Genetics 176: 801-813.
Roy, S., Y. Y. Tan and C. M. Hart, 2007b A genetic screen supports a broad role for the
Drosophila insulator proteins BEAF-32A and BEAF-32B in maintaining patterns
of gene expression. Mol Genet Genomics 277: 273-286.
Rubio, E. D., D. J. Reiss, P. L. Welcsh, C. M. Disteche, G. N. Filippova et al., 2008 CTCF
physically links cohesin to chromatin. Proc Natl Acad Sci U S A 105: 8309-8314.
Sanborn, A. L., S. S. Rao, S. C. Huang, N. C. Durand, M. H. Huntley et al., 2015 Chromatin
extrusion explains key features of loop and domain formation in wild-type and
engineered genomes. Proc Natl Acad Sci U S A 112: E6456-6465.
Santos-Rosa, H., R. Schneider, A. J. Bannister, J. Sherriff, B. E. Bernstein et al., 2002
Active genes are tri-methylated at K4 of histone H3. Nature 419: 407-411.
Schertel, C., M. Albarca, C. Rockel-Bauer, N. W. Kelley, J. Bischof et al., 2015 A largescale, in vivo transcription factor screen defines bivalent chromatin as a key
property of regulatory factors mediating Drosophila wing development. Genome
Res 25: 514-523.
Schotta, G., A. Ebert, V. Krauss, A. Fischer, J. Hoffmann et al., 2002 Central role of
Drosophila SU(VAR)3-9 in histone H3-K9 methylation and heterochromatic gene
silencing. EMBO J 21: 1121-1131.
Schuettengruber, B., D. Chourrout, M. Vervoort, B. Leblanc and G. Cavalli, 2007 Genome
regulation by polycomb and trithorax proteins. Cell 128: 735-745.
Schuettengruber, B., M. Ganapathi, B. Leblanc, M. Portoso, R. Jaschek et al., 2009
Functional anatomy of polycomb and trithorax chromatin landscapes in Drosophila
embryos. PLoS Biol 7: e13.
Scott, K. C., S. L. Merrett and H. F. Willard, 2006 A heterochromatin barrier partitions the
fission yeast centromere into discrete chromatin domains. Curr Biol 16: 119-129.

33

Scott, K. S., and P. K. Geyer, 1995 Effects of the su(Hw) insulator protein on the expression
of the divergently transcribed Drosophila yolk protein genes. EMBO J 14: 62586267.
Sexton, T., E. Yaffe, E. Kenigsberg, F. Bantignies, B. Leblanc et al., 2012 Threedimensional folding and functional organization principles of the Drosophila
genome. Cell 148: 458-472.
Skene, P. J., A. E. Hernandez, M. Groudine and S. Henikoff, 2014 The nucleosomal barrier
to promoter escape by RNA polymerase II is overcome by the chromatin remodeler
Chd1. Elife 3: e02042.
Snowden, A. W., P. D. Gregory, C. C. Case and C. O. Pabo, 2002 Gene-specific targeting
of H3K9 methylation is sufficient for initiating repression in vivo. Curr Biol 12:
2159-2166.
Soeller, W. C., S. J. Poole and T. Kornberg, 1988 In vitro transcription of the Drosophila
engrailed gene. Genes Dev 2: 68-81.
Song, F., P. Chen, D. Sun, M. Wang, L. Dong et al., 2014 Cryo-EM study of the chromatin
fiber reveals a double helix twisted by tetranucleosomal units. Science 344: 376380.
Spana, C., D. A. Harrison and V. G. Corces, 1988 The Drosophila melanogaster suppressor
of Hairy-wing protein binds to specific sequences of the gypsy retrotransposon.
Genes Dev 2: 1414-1423.
Spellman, P. T., and G. M. Rubin, 2002 Evidence for large domains of similarly expressed
genes in the Drosophila genome. J Biol 1: 5.
Strahl, B. D., and C. D. Allis, 2000 The language of covalent histone modifications. Nature
403: 41-45.
Struhl, G., 1984 A universal genetic key to body plan? Nature 310: 10-11.
Struhl, K., 1998 Histone acetylation and transcriptional regulatory mechanisms. Genes Dev
12: 599-606.
Szabo, P., S. H. Tang, A. Rentsendorj, G. P. Pfeifer and J. R. Mann, 2000 Maternal-specific
footprints at putative CTCF sites in the H19 imprinting control region give evidence
for insulator function. Curr Biol 10: 607-610.
Szerlong, H. J., and J. C. Hansen, 2011 Nucleosome distribution and linker DNA:
connecting nuclear function to dynamic chromatin structure. Biochem Cell Biol 89:
24-34.

34

Udvardy, A., E. Maine and P. Schedl, 1985 The 87A7 chromomere. Identification of novel
chromatin structures flanking the heat shock locus that may define the boundaries
of higher order domains. J Mol Biol 185: 341-358.
van Arensbergen, J., B. van Steensel and H. J. Bussemaker, 2014 In search of the
determinants of enhancer-promoter interaction specificity. Trends Cell Biol 24:
695-702.
Van Bortle, K., and V. G. Corces, 2013 The role of chromatin insulators in nuclear
architecture and genome function. Curr Opin Genet Dev 23: 212-218.
Van Bortle, K., M. H. Nichols, L. Li, C. T. Ong, N. Takenaka et al., 2014 Insulator function
and topological domain border strength scale with architectural protein occupancy.
Genome Biol 15: R82.
Van Bortle, K., E. Ramos, N. Takenaka, J. Yang, J. E. Wahi et al., 2012 Drosophila CTCF
tandemly aligns with other insulator proteins at the borders of H3K27me3 domains.
Genome Res 22: 2176-2187.
Vassetzky, Y., A. Hair and M. Mechali, 2000 Rearrangement of chromatin domains during
development in Xenopus. Genes Dev 14: 1541-1552.
Verdone, L., M. Caserta and E. Di Mauro, 2005 Role of histone acetylation in the control
of gene expression. Biochem Cell Biol 83: 344-353.
Vietri Rudan, M., C. Barrington, S. Henderson, C. Ernst, D. T. Odom et al., 2015
Comparative Hi-C reveals that CTCF underlies evolution of chromosomal domain
architecture. Cell Rep 10: 1297-1309.
Vogelmann, J., A. Le Gall, S. Dejardin, F. Allemand, A. Gamot et al., 2014 Chromatin
insulator factors involved in long-range DNA interactions and their role in the
folding of the Drosophila genome. PLoS Genet 10: e1004544.
Vostrov, A. A., and W. W. Quitschke, 1997 The zinc finger protein CTCF binds to the
APBbeta domain of the amyloid beta-protein precursor promoter. Evidence for a
role in transcriptional activation. J Biol Chem 272: 33353-33359.
Weith, A., 1985 The fine structure of euchromatin and centromeric heterochromatin in
Tenebrio molitor chromosomes. Chromosoma 91: 287-296.
Wendt, K. S., K. Yoshida, T. Itoh, M. Bando, B. Koch et al., 2008 Cohesin mediates
transcriptional insulation by CCCTC-binding factor. Nature 451: 796-801.
West, A. G., S. Huang, M. Gaszner, M. D. Litt and G. Felsenfeld, 2004 Recruitment of
histone modifications by USF proteins at a vertebrate barrier element. Mol Cell 16:
453-463.
35

Woodcock, C. L., and R. P. Ghosh, 2010 Chromatin higher-order structure and dynamics.
Cold Spring Harb Perspect Biol 2: a000596.
Yang, J., E. Ramos and V. G. Corces, 2012 The BEAF-32 insulator coordinates genome
organization and function during the evolution of Drosophila species. Genome Res
22: 2199-2207.
Yardimci, G. G., and W. S. Noble, 2015 Predictive model of 3D domain formation via
CTCF-mediated extrusion. Proc Natl Acad Sci U S A 112: 14404-14405.
Zabidi, M. A., C. D. Arnold, K. Schernhuber, M. Pagani, M. Rath et al., 2015 Enhancercore-promoter specificity separates developmental and housekeeping gene
regulation. Nature 518: 556-559.
Zhang, G., H. Huang, D. Liu, Y. Cheng, X. Liu et al., 2015 N6-methyladenine DNA
modification in Drosophila. Cell 161: 893-906.
Zhao, K., C. M. Hart and U. K. Laemmli, 1995 Visualization of chromosomal domains
with boundary element-associated factor BEAF-32. Cell 81: 879-889.

36

CHAPTER TWO: DETERMINATION OF THE ESSENTIAL DOMAINS INSIDE
BEAF-32 PROTEINS
Introduction
Like enhancers and promoters, insulators or boundary elements are a specialized
class of regulatory DNA sequences. Insulators may contribute to gene regulation by
demarcating the ends of individual chromatin domains, and that clustering the bases of
DNA loops plays a role in their function (CAPELSON

AND

CORCES 2004; MAEDA

AND

KARCH 2007). Insulators are defined by their ability to function in transgene assays to limit
enhancer-promoter communication when placed between a promoter and an enhancer
(KELLUM

AND

SCHEDL 1992), and to protect integrated transgenes from chromosomal

position effects (KELLUM AND SCHEDL 1991). Based on these activities, insulators likely
separate genes into domains such that only intra-domain regulatory interactions can occur
(CAI AND LEVINE 1995; SCOTT AND GEYER 1995), and spreading heterochromatin can be
prevented from entering a domain (ROSEMAN et al. 1993; PRIOLEAU et al. 1999; NOMA et
al. 2001; SCOTT et al. 2006).
Two of the first insulator elements to be identified are the scs and scs' sequences
which bracket two Hsp70 genes at the 87A locus of Drosophila (UDVARDY et al. 1985).
BEAF was identified as a Boundary Element-Associated Factor that binds to the scs’
insulator, and was subsequently shown to immunolocalize to numerous interbands and
band/interband boundaries on polytene chromosomes (ZHAO et al. 1995). BEAF was also
found to remain on mitotic chromosomes (HART et al. 1999). In addition to scs’, other
genomic BEAF binding sites were shown to possess insulator activity (CUVIER et al. 1998;
CUVIER et al. 2002). This implies that BEAF-associated insulators are common. BEAF was
found to be a complex of two 32 kDa proteins, named BEAF-32A and BEAF-32B
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(hereafter referred to as 32A and 32B, or collectively as BEAF) (HART et al. 1997). These
two proteins are produced from the same gene, presumably by alternative promoters, and
differ only in their N-termini which are both around 80 amino acids. Three regions have
been characterized in these proteins. The N-termini both contain atypical DNA binding
zinc fingers called BED fingers (ARAVIND 2000); the middle region of around 120 amino
acids have predicted sites for O-linked glycosylation and phosphorylation and may mediate
association with the nuclear matrix (PATHAK et al. 2007); and the C-terminal region of
around 80 amino acids mediates interactions between BEAF subunits and contains a
putative leucine zipper and a BESS domain (DELATTRE et al. 2002). 32A and 32B
apparently can form trimers, and the ratio of 32A to 32B can vary at different loci on
polytene chromosomes as observed by immunofluorescence (HART et al. 1997).
We previously engineered a transgene encoding a dominant negative form of BEAF
under GAL4 UAS control, as well as BEAF rescue transgenes (GILBERT et al. 2006). The
dominant negative protein, which we call BID, has the BEAF self-interaction domain but
lacks a DNA binding domain. Embryonic lethality results when production of BID is
driven at high levels during oogenesis and embryogenesis by a da-GAL4 transgene. We
also made knock-out alleles that eliminate production of either 32A, or both 32A and 32B
(ROY et al. 2007a). In combination with rescue transgenes, we found that only 32B is
essential for normal growth and development in Drosophila. 32A is not needed. Maternally
provided BEAF is sufficient for development to the adult stage, although flies that cannot
produce their own 32B die easily and females are nearly sterile. Experiments with both the
BEAF dominant negative and knock-out allele demonstrated that BEAF is required for the
insulator activity of scs’ in both enhancer blocking and chromosomal position effect assays.
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Additionally, using both genetic tools we found that polytene chromosome structure is
disrupted and position effect variegation is enhanced in the absence of BEAF activity.
Together, these findings demonstrate that the BEAF proteins are insulator proteins that
affect chromatin structure or dynamics.
Other data provide an unexpected link between BEAF and transcriptional
regulation. Expression of BID in eye imaginal discs using an ey-GAL4 driver leads to a
rough eye phenotype. A genetic screen based on this phenotype found evidence for genetic
interactions between BEAF and 17 proteins (ROY et al. 2007b). Most of these proteins are
transcription factors. Interestingly, mapping of BEAF binding sites throughout the genome
by using chromatin immunoprecipitation found a link between BEAF and many promoters
that are active in diverse tissues and developmental times (JIANG et al. 2009). Over 85%
of 1820 BEAF peaks were found to have their centers within 300 bp of a transcription start
site (TSS). Other genome-wide studies found a similar correlation (BUSHEY et al. 2009;
NEGRE et al. 2010). Over 85% of the genes with the center of a BEAF peak within 300 bp
of their TSS are on the list of housekeeping genes reported by Lam et al. (LAM et al. 2012).
Together, these results suggest that BEAF may play a role at promoters to help maintain
an architecture conducive to transcription, and perhaps interactions with transcription
factors are involved.
Here we report a further characterization of the BEAF proteins. We determine what
region of BEAF mediates BEAF-BEAF interactions and test the ability of deletion mutants
of BEAF to rescue the BEAF knock-out mutation. We find that BEAF-BEAF interactions
are mediated by the BESS domain, although the presence of the putative leucine zipper
enhances the interaction. On the other hand, a mutant form of BEAF lacking the leucine
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zipper can at least partially rescue the BEAF knock-out mutation while deletion of the
BESS domain results in a nonfunctional protein. Similarly, a mutant form of BEAF lacking
40 amino acids of the middle region that are not well conserved between the 21 sequenced
Drosophila species can also provide at least partial rescue, with deletion of the entire
middle region cannot. Our results provide a basis to relate the importance of the essential
domains inside BEAF for its function.
Materials and Methods
Yeast Two-Hybrid
The two-hybrid assay was performed with plasmids, yeast strains, and protocols
derived from the Fields lab (BARTEL AND FIELDS 1995). Plasmids were created by inserting
PCR-amplified fragments into the appropriate vector. Bait constructs utilizing the GAL4
DNA binding domain were derivatives of the 2 µm TRP1 plasmid pOBD2 (Fields lab
protocols). Target constructs utilizing the GAL4 activation domain were derivatives of the
LEU2 plasmid pOAD. Plasmids were transformed into yeast strain Y2H Gold by the
lithium acetate method. Bait fusion proteins containing an N-terminal GAL4 DNA binding
domain and target fusion proteins containing an N-terminal GAL4 activation domain were
produced constitutively under the control of the ADH1 promoter. Co-transformants were
selected on minimal medium lacking tryptophan and leucine. After incubation for 3-4 days
at 30 oC, 8 single colonies were picked and streaked onto a plate of minimal medium
additionally lacking adenine and histidine to select for colonies in which interactions
between the bait and target proteins activated ADE2 and HIS3. One colony for each
combination of GAL4-AD and BD fusions was then grown in liquid 2-drop medium,
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diluted to an OD600 of 0.1, and 10-fold serial dilutions were spotted onto 2-drop and 4-drop
plates.
Cloning of Plasmids
Y2H: All the constructs (32B, MLZ, LZ, BESS, and LZB) were fused with
GAL4AD and GAL4BD in the plasmids pOAD and pOBD respectively by restriction
enzyme cloning with EcoRI and SalI.
Co-IP: Individual parts (BID, BESS, LZB and Elongated-LZ or ELZ), tagged Nterminally with flag, were cloned in as NsiI-EcoRI fragments with their own ShineDalgarno sequence into pET-32B system as a bicistronic expression vector. These would
express 32B together with one of above parts.
Deletions in Fly Constructs: Individual deletions (delBESS, delMID, delNC-MID,
delLZ) in 32B were made using the Quik Change Lighting-II kit (See Agilent Technologies
for protocol). These four fragments were sub-cloned into the p-Element plasmid by
restriction enzyme cloning with EcoRI and NotI enzymes and sent out for fly microinjections to obtain the individual deletions of BEAF in flies. The sequences of all the
constructs were verified.
Construction of a P-element plasmid encoding a BEAF-EGFP fusion gene driven
by the endogenous BEAF promoter has been described (ROY et al. 2007a). The transgene
is insulated upstream by the M2 derivative of the scs’ insulator (CUVIER et al. 1998), and
downstream of mini-w by the scs insulator. Starting at an EcoRI site, about 900 bp of
sequences upstream of the 32A ATG start codon are present. This includes about 265 bp
of a transcript from the divergently transcribed CG10155 gene. To make a 32A-EGFP
transgene, site-directed mutagenesis was performed to introduce SalI sites about 40 bp
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upstream and 150 bp downstream of the 32B start codon (Quikchange, Stratagene)
followed by deletion of the SalI fragment. To make a 32B-RFP transgene, a BsiWI site was
placed about 30 bp upstream of the 32A start codon by site-directed mutagenesis, and a
BsiWI fragment from this site to about 140 bp downstream of the start codon was deleted.
Then sequences encoding a monomeric RFP protein (CAMPBELL et al. 2002) were PCRamplified and substituted for EGFP sequences as a KpnI-NotI fragment.
Bacterial Expression
All BEAF32B fragments (BID, BESS, LZB, and ELZ) with N-terminal flag tag
were expressed with the full length BEAF from the same plasmid using bicistronic strategy.
The pET-32B expression plasmid with individual construct was transformed in BL21 cells
(New England Biolabs, NEB). These bacteria have an IPTG-inducible T7 RNA polymerase
gene (pLysS) to allow expression of the constructs which are all under the control of T7
promoter. Bacteria were incubated at 37C for 16 h on LB-agar containing ampicillin (100
mg/mL) and chloramphenicol (25mg/ml). A resistant colony was then grown in 5 mL of
ampicillin-chloramphenicol containing LB medium in an Environ shaker (250 rpm, 37C).
After 12 h (~0.7 OD600), protein expression was induced by adding 20ul of 100mM IPTG
and the pellet (5000x g, 5 min) was collected after incubation for 3 h (250 rpm, 37C). The
cells were washed with Tris-buffered saline (TBS,1mL; 10 mM Tris pH 8.0, 150 mM NaCl
at 4C) and re-suspended in TEN (200ul; 10 mM Tris pH 8.0, 1 mM EDTA, 50 mM NaCl
at 4C) containing protease inhibitor cocktail (Sigma-Aldrich) and 0.5 mM PMSF. Cells
were treated with 1ul NP40 (20% w/v at 4C) and were flash freezed with liquid nitrogen.
Further, the cells were thawed and sonicated on ice for 2 cycles of 15sec and the
supernatant was recovered after spinning twice (16,000x g at 4C). Equal volume of
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TEN+glycerol (200ul; 25 mM Tris pH 8.0, 250 mM NaCl, 0.1 mM EDTA, 20% glycerol)
was added to make the final extract.
Co-IP and Western Blot
Approximately 5ul of anti-Flag antibodies on M2 beads (Sigma Aldrich) were
washed with TEN buffer (300ul; 10 mM Tris pH 8.0, 1 mM EDTA, 50 mM NaCl) and
resuspended in block buffer TEN.BSA (500 ul; 10mM Tris pH 8.0, 1 mM EDTA, 50 mM
NaCl, 0.5 mM PMSF, 0.25% BSA) and incubated for 30 min at room temperature. These
beads were added to about 80 μL of bacterial extracts in 400 μL of TEN buffer (10 mM
Tris pH 8.0, 1 mM EDTA, 50 mM NaCl, and 0.5 mM PMSF) and were rocked for 2 h at
room temperature. The beads were then washed six times with TEN buffer and resuspended
in 30 ul of 1× sample loading buffer, and the mixture was boiled. The extracts were then
separated by SDS-PAGE. The proteins were transferred to nitrocellulose membranes,
which were probed with BEAF and Flag antibodies. Anti-rabbit HRP was used to detect
the BEAF and anti-mouse HRP to detect Flag-tagged constructs that had been
immunoprecipitated.
Fly Strains
Transgenic flies were generated by P-element mediated transformation by
GenetiVision (Houston, TX). Flies with the transgene (P[w+ mBF] for short) on the X or
3rd chromosome were crossed to CyO/Sp1 flies. Resulting virgin females with the transgene
and CyO were crossed with homozygous BEAFAB-KO males. This was used to establish
P[w+ mBF]; BEAFAB-KO/CyO stocks where flies with the transgene could be selected by
eye color. Maternal BEAF is sufficient to obtain adults, allowing us to set up P[w+ mBF];
BEAFAB-KO/ BEAFAB-KO crosses where the transgene was heterozygous or homozygous.
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Homozygous stocks for BEAF KO were generated which can only make the transgenic
BEAF. These flies were observed for rescue.
Results
Mapping BEAF-BEAF interactions
It has previously been shown that the carboxy end of BEAF meditates interactions
between BEAF proteins (HART et al. 1997). This region contains a putative leucine zipper
and a BESS domain (DELATTRE et al. 2002). Leucine zippers are well-known dimerization
motifs, while the BESS domain of Dip3 (Dorsal-interacting protein 3) is a protein-protein
interaction domain (BHASKAR AND COUREY 2002). To determine if one or both of these
features mediates BEAF-BEAF interactions, we performed yeast 2-hybrid assays and coimmunoprecipitation of bacterially expressed proteins. One reason this is of interest is to
provide information about potential interaction interfaces for other proteins.
Full-length or truncated forms of BEAF-32B were fused to the carboxy-side of both
the GAL4 DNA binding domain and the GAL4 activation domain (Fig. 2-1A). All
combinations were tested in yeast 2-hybrid assays (Table 2-1), and representative results
are shown in Fig. 2-1B.
Table 2-1. Summary of BEAF-BEAF interactions. Full-length or truncated forms of BEAF32B were fused to the carboxy-side of both the GAL4 DNA binding domain and the GAL4
activation domain. ‘+’ indicates positive interaction, ‘-’ indicates no interaction, and ‘w’
indicates a weak interaction.
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Figure 2-1. Yeast two-hybrid assays demonstrate that BEAF-BEAF interactions are
mediated by the BESS domain, and are strengthened if at least one protein also has the
putative leucine zipper. A) Schematic of 32B and parts derived from 32B that were fused
to the carboxy ends of the GAL4 DNA-binding domain (BD) and activation domain (AD).
Gray rectangle: 32B unique sequences, which encompass the DNA-binding BED finger.
First hatched rectangle: putative leucine zipper. Second hatched rectangle: BESS domain.
Numbers indicate the first and last amino acid present in the truncated proteins. B)
Representative yeast two hybrid results. Serial 10-fold dilutions of yeast were spotted onto
the plates. Left panels (-Trp -Leu) show growth on plates selecting for the presence of the
BD and AD plasmids. Right panels (-Trp -Leu -Ade -His) show growth on plates selecting
for the presence of the BD and AD plasmids and the expression of two reporter genes.
Reporter gene expression requires that both the BD and the AD have the BESS domain
(bottom right panel, BESS BESS). More vigorous growth was obtained if at least one
protein also had the putative leucine zipper (bottom right panel, 32B BESS and LZB
BESS). Similar results were obtained when the BD and AD were switched (not shown, but
see Table 2-1).
None of the GAL4-BD fusion proteins were able to activate the ADE2 and HIS3
reporter genes on their own or together with a plain GAL4-AD. Activation of the reporter
genes required that both fusion proteins had the BESS domain. However, activation was
weaker when only the BESS domain was present on both the GAL4-BD and GAL4-AD
than when at least one of the fusion proteins also had the putative leucine zipper (Fig. 21B).
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Co-immunoprecipitation experiments were performed as another method to
examine BEAF-BEAF interactions. Full length 32B and N-terminal FLAG-tagged regions
of BEAF indicated in Fig. 2-2A were co-expressed in E. coli from bicistronic operons. We
found that co-expression was necessary, interactions were not detected if the proteins were
expressed separately and then mixed. Expression of the FLAG-tagged putative leucine
zipper was difficult, so sequences were extended about 60 amino acids upstream and
several amino acids downstream of the region of interest. Protein extracts were prepared,
and immunoprecipitations were performed with anti-FLAG antibody coupled to agarose.
Consistent with the yeast 2-hybrid results, Western blot analysis indicated that the BESS
domain alone is sufficient to co-precipitate 32B while the putative leucine zipper is not
(Fig. 2-2B).

Figure 2-2. Pull-down experiments demonstrate that the BESS domain is sufficient for
BEAF-BEAF interactions. A) Schematic of 32B, indicating the parts derived from 32B that
had an N-terminal FLAG tag. Numbers indicate the first and last amino acid present in the
truncated proteins. B) Western blot analysis of pull-down experiments. Proteins were coexpressed in E. coli and immunoprecipitated with antibodies directed against the FLAG
epitope. Left panels show input proteins and right panels show immunoprecipitated proteins
detected with anti-BEAF (top panels) or anti-FLAG (bottom panels) antibodies. Pull-down
of 32B is only observed if the FLAG-tagged protein has a BESS domain (upper right panel).
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Taken together, we conclude that the BESS domain is required for BEAF-BEAF
interactions. However, the presence of at least one putative leucine zipper strengthens the
interaction. The putative leucine zipper might contribute either by direct contact or by
stabilizing the BESS domain. This effect appears to be asymmetric, since only one putative
leucine zipper is required to strengthen the BESS-BESS interaction.
Testing mutant BEAF rescue transgenes
To further characterize BEAF, we tested the ability of deletion mutants of 32B to
rescue flies with the null BEAFAB-KO mutation. We used 32B because when we made the
BEAFAB-KO mutation we found that it is essential, while 32A is not (ROY et al. 2007a).
Comparison of BEAF sequences from 21 Drosophila species found that most sequences
of the BEAF proteins are highly conserved (Fig.2-3). This includes the N-terminal 80
amino acids of 32A and 32B that are derived from different exons and contain different
DNA-binding BED fingers (ARAVIND 2000). Although only 32B is essential, perhaps 32A
enhances fitness of flies outside of a laboratory setting.
Because we have shown that BEAF lacking a DNA binding domain functions as a
dominant negative (GILBERT et al. 2006), we did not delete sequences from this region.
The remaining 200 amino acids of 32A and 32B are identical since they are derived from
the same exon. Functions for the first 120 amino acids of this region are unknown, although
it can be phosphorylated and O-linked glycosylated (ZHAO et al. 1995; PATHAK et al.
2007). We refer to this as the Middle region, or M. One region of the BEAF proteins that
is not highly conserved encompasses the last 40 amino acids of M, which we refer to as the
Middle-Non Conserved or M-NC.
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32A BED

Middle

32B BED

Middle
Non-Conserved

LZ
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Figure 2-3. Boxshade of BEAF protein sequences from 21 Drosophila species for both 32A and 32B isoforms. Shown above, the
boxshade are the BED C2H2 zinc finger sequence for 32A (light blue font) and 32B (blue font); and the common regions starting
from the middle region (grey font); middle non-conserved (purple font); putative leucine zipper sequence (orange font) and BESS
domain sequence (green font). The shaded regions indicate the highly conserved sequences of BEAF proteins across the Drosophila
species.
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The C-terminal 80 amino acids have the putative leucine zipper followed by the
BESS domain. Based on these considerations, we constructed mutant 32B genes in which
sequences encoding the M, M-NC, putative leucine zipper, or BESS domain were deleted
(Fig. 2-4). To facilitate detection of the proteins in transgenic flies, RFP was fused to the
C-terminus. Because BEAF does not have an identifiable nuclear localization signal, an
SV40 NLS was placed at the C-terminus of RFP in case any of the deletions removed the
BEAF NLS.

Figure 2-4. The design for the mutant 32B gene constructs. Four mutant 32B gene
constructs were made in which sequences encoding the M, M-NC, putative leucine zipper,
or BESS domain were deleted. To facilitate detection of the proteins in transgenic flies,
RFP was fused to the C-terminus. An SV40 NLS was placed at the C-terminus of RFP in
case any of the deletions removed the BEAF NLS, since BEAF does not have an
identifiable nuclear localization signal.
Results of the rescue crosses are presented in Table 2-2. Two or more transgenic
lines were tested for each deletion construct, and five crosses were set up for each line to
test for rescue. Deletion of either M or BESS resulted in mutant 32B proteins that were
unable to rescue the BEAFAB-KO allele. Deletion of M might function as a dominant
negative, since even the F1 generation failed to produce adults for all crosses whereas a
few adults were obtained with the BESS deletion or no rescue transgene. Deletion of the
putative leucine zipper provided partial rescue. Two of three transgenic lines gave adults
up to the F2 generation, although most of these crosses gave 10 or fewer adults per
generation.
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Table 2-2. Test for rescue of the BEAFAB-KO allele by mutant BEAF transgenes
% of crosses surviving to generation:
Transgene
Line
Crosses
F1
F2
F3
>F3
ABNone
KO
4
75
0
del-Mid
XA
5
0
3A
5
0
del-MNC
3A
5
80
0
3B
5
100
100
100
100
3C
5
100
100
100
100
del-LZ
3B
5
80
60
40
20
3C
5
100
20
0
3D
5
0
3E
5
20
0
del-BESS
3A
5
80
0
3B
5
20
0
3C
5
0
XA
5
60
0
XB
5
60
0
AB-KO
All fly lines are homozygous for the BEAF
allele, with the indicated mutant BEAF
transgene on the indicated chromosome followed by a letter designating independent
transformants. Lines that survived >4 generations survived over 20 generations before the
experiment was discontinued.
For one line, one of five crosses rescued. Development was delayed and not many
adults were obtained, but with care it survived over 20 generations. 32B protein lacking
M-NC was able to rescue, although there was a developmental delay of a few days from
egg to adult. Thus the M region and BESS domain are essential, but M-NC is not needed
and lack of the putative leucine zipper results in a hypomorphic 32B protein.
It was previously noted that ovary development is affected by a lack of BEAF, such
that females are nearly sterile (ROY et al. 2007a). We examined ovaries from flies of the
appropriate genotypes and found that the degree of rescue of the BEAFAB-KO allele by the
mutant transgenes correlated with ovary development (Fig. 2-5).
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Figure 2-5. Examination of the ovaries from mutant flies. Comparing the flies of the
AB-KO
appropriate genotypes with their ovaries found that the degree of rescue of the BEAF
allele by the mutant transgenes correlated with ovary development. delMNC ovaries were
not affected, however delLZ and more so for delM and delBESS, the effect was quite
drastic, where hardly any healthy egg development was detected.
Deletion of the BESS domain resulted in underdeveloped ovaries similar that
previously reported for the BEAFAB-KO allele. Deletion of the M region resulted in more
severely underdeveloped ovaries, consistent with a dominant negative effect. Deletion of
the putative leucine zipper resulted in underdeveloped ovaries in many females, although
in some one of the ovaries produced eggs. Fairly normal ovary development occurred when
M-NC was deleted.
Discussion
To better understand the BEAF proteins, we characterized how BEAF subunits
interact with each other and identified essential parts. We found that the BESS domain is
necessary and sufficient for interactions between BEAF subunits. It is also essential, since
32B was unable to rescue the null BEAFAB-KO mutation when it was deleted. The presence
the putative leucine zipper on at least one subunit strengthens the interaction between BESS
51

domains. One possible explanation is that this region helps stabilize the structure of the
BESS domain, facilitating stronger BESS-BESS interactions. Another possibility is that
the putative leucine zipper is directly involved in an asymmetric interaction with
interacting BESS domains. This latter possibility is consistent with results suggesting
BEAF can form trimers (HART et al. 1997) and possibly larger oligomers (CMH,
unpublished). Yet the putative leucine zipper is not essential since 32B lacking it is able to
rescue a null mutation. However, this mutant 32B is hypomorphic. Only two of four
transgenic del-LZ lines could rescue to the F2 generation, and only one line could be kept
alive beyond the F2. Although it could be maintained indefinitely, it was difficult to keep
alive and inspection of ovaries indicated there was only a partial rescue of the fecundity
defect observed in BEAFAB-KO flies.
No function is known for the 120 amino acid middle region of BEAF, although this
region is thought to be the target of phosphorylation and O-glycosylation. The first 80
amino acids of this region are well conserved in 21 Drosophila species, while the last 40
amino acids are not (Fig. S1). 32B lacking the nonconserved part of the middle region was
able to rescue. It has been proposed that this region is the major target for O-linked
glycosylation, which somehow results in nuclear matrix-association of BEAF (PATHAK et
al. 2007). Either other regions can also be glycosylated, or this modification is not essential
for BEAF function. On the other hand, deletion of the entire middle region was more lethal
than the null BEAFAB-KO mutation, and the ovary phenotype was more severe. This suggests
that 32B lacking the middle region functions as a dominant negative, as has been reported
for overexpression of the C-terminal half of BEAF (GILBERT et al. 2006).
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BEAF binds DNA in an unusual manner. Most attention has been focused on 32B
since it is essential while 32A is not (ROY et al. 2007a), and genome-wide mapping
suggests that the 32B binding activity is dominant (JIANG et al. 2009). The discussion here
will also focus on 32B, while pointing out that 32A and 32B have different, single BED
zinc finger DNA binding domains.
BEAF was initially purified based on binding to the scs’ insulator (ZHAO et al.
1995), which has two similar binding sites for BEAF. Both binding sites have three copies
of the 32B binding motif, CGATA, and evidence indicates that BEAF can bind as a trimer
(HART et al. 1997). This and other early work on BEAF (CUVIER et al. 1998) led to the
model that it binds clusters of three or more CGATA motifs within some window, often
somewhat arbitrarily set at 100 bp. But genome-wide mapping of BEAF has not revealed
any clear rules on spacing or relative orientation of CGATA motifs in peak regions, and
extensive mobility shift assays did not uncover any rules for optimal binding (JIANG et al.
2009). Some sequences that showed strong binding by 32B or Drosophila nuclear extract
BEAF have only 2 CGATA motifs, while others with 3 or more CGATA motifs were only
poorly bound. This ambiguity suggests that BEAF has unusual flexibility in its ability to
bind CGATA motifs, with the possibility that other DNA sequences might also contribute.
One explanation for this flexibility could be that the middle region serves as a flexible
spacer that allows BEAF subunits interacting via their BESS domains to bind diverse
arrangements of CGATA motifs with their BED fingers. Deleting this spacer would have
an impact on DNA binding by BEAF complexes, perhaps explaining the dominant negative
phenotype of BEAF lacking the middle region. In this model, shortening the spacer by the
40 amino acid non-conserved region only weakly impacts on the reach of the flexible
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spacer, resulting in a hypomorph. This does not exclude other possible functions for the
middle region, such as interacting with partner proteins.
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CHAPTER THREE: IDENTIFICATION OF NOVEL PHYSICAL
INTERACTION PARTNERS OF BEAF-32B PROTEIN AND TESTING THEIR
SIGNIFICANCE USING A GENETIC SCREEN
Introduction
Studies using D. melanogaster have provided great insights into regulatory
mechanisms used by transcription factors (TFs) in gene expression. TFs with DNA-binding
domains such as homeo, Zinc-fingers, forkhead, bZIP and bHLH domains play very
important roles during development, such as being responsible for body plan determination
and cell fate specification (WEINER et al. 1984; LAWRENCE 1992; MCGINNIS

AND

KRUMLAUF 1992). These TFs regulate several molecular processes at various
developmental stages in higher eukaryotes, such as generating basic patterns in early
development along the anterior-posterior axis. (e.g. the homeo- domain proteins encoded
from the Hox cluster), specifying organs and tissues during primordial development (e.g.
the Eyeless/PAX6 proteins), and also help in differentiation leading to cell types in later
embryos (e.g. WRKY transcription factor distinguishing glial cells) (GEHRING 1996;
GIANGRANDE 1996; MANN AND CHAN 1996).
The shared mechanism of TF functioning lies in their binding to specific DNA
motifs inside regulatory regions thereby governing the expression of target genes. In
genetic and molecular studies on D. melanogaster TFs have been shown to partner with a
distinct class of proteins that mainly work by altering the structure of chromatin, which
include the products of the Trithorax group (TrxG) and Polycomb group (PcG) genes.
These proteins are involved in maintaining open and condensed chromatin states
respectively, where the former state is typically associated with transcriptional activation
and the latter with repression (MOHD-SARIP et al. 2002; MISHRA et al. 2003; ORSI et al.
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2014). These chromatin associated proteins (CAPs) can operate upstream and downstream
of TFs to facilitate or restrict their access to chromatin or reinforce transcriptional states
originally established by the TF by maintaining certain chromatin architectures (FILION et
al. 2010; STEFFEN AND RINGROSE 2014).
A class of CAPs bind to specific regulatory DNA elements known as insulator or
boundary elements. Insulator or boundary elements have properties consistent with
limiting communication between other regulatory elements such as an enhancer and a
promoter, and they are also known for blocking Position Effect Variegation (PEV) of
transgenes. Two of first of the insulator elements to be identified are the scs and scs'
sequences which bracket the Hsp70 genes at the 87A locus of Drosophila melanogaster
(UDVARDY et al. 1985). Boundary Element-Associated Factor BEAF-32, a 32 kDa protein,
binds to the CGATA motifs in scs'. BEAF-32 is a complex of two proteins that are isoforms
of BEAF, namely BEAF-32A and BEAF-32B. These proteins, BEAF-32A (283 aa) and
BEAF-32B (282 aa), are expressed from the same gene and differ only in their N-termini
(DNA binding domain). BEAF was shown to immunolocalize at numerous interbands and
puff boundaries on polytene chromosomes (ZHAO et al. 1995). In addition to scs’, other
genomic BEAF binding sites were shown to possess insulator activity (CUVIER et al. 1998;
CUVIER et al. 2002). This led to the proposal that a chromosomal domain is represented on
polytene chromosomes by these interbands and that BEAF-associated boundaries are
commonly used.
The BEAF-32A and BEAF-32B (hereby referred to as 32A and 32B) isoforms can
form homo- and hetero- dimers, trimers, and possibly oligomers. The ratio of 32A to 32B
may vary at different loci on polytene chromosomes as observed by immunofluorescence
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(ZHAO et al. 1995; CUVIER et al. 1998). Three regions have been characterized in these
proteins (Fig. 1). The different N-termini for both isoforms are around 80 amino acids and
contain one atypical DNA binding zinc finger referred to as a BEAF & DREF (BED) finger
(ARAVIND 2000). In the identical portion of the proteins, the central region of around 120
amino acids has no known function is not well characterized; and the C-terminal region of
around 80 amino acids contains a putative Leucine Zipper (LZ) and a BESS domain
(LANDSCHULZ et al. 1988; DELATTRE et al. 2002).
One study indicated that the middle region of BEAF contains a predicted coiledcoil domain and several potential sites for post-translational modifications, including Oglycosylation, and this modification has been reported to be critical for its association with
the nuclear matrix (PATHAK et al. 2007). In Chapter Two, we found that the middle region
is an essential part of BEAF through in vivo deletion experiments. However the last third
of middle region is not conserved among Drosophila species and is dispensable suggesting
that modifications in this region are not critical for BEAF function. The LZ domain is 27
amino acid residues long and is characterized by the periodic repetition of Leucine at every
seventh position in the peptide sequence, which typically folds into an amphipathic alphahelix. LZ domains were initially found to be a part of the bZIP domains, featured in some
TFs, and are known to help in dimerization other protein-protein interactions (MURRE et
al. 1989; VINSON et al. 1989). The BESS domain gets its name after the three proteins that
originally defined the domain: BEAF32, Su(var)3-7 and Stonewall (BESS) (REUTER et al.
1990; ZHAO et al. 1995; CLARK AND MCKEARIN 1996). The BESS domain is 40 amino
acid residues long and predictive molecular models suggest that it is composed of three
alpha helices. Phylogenetic analysis indicates that it might be related to the myb/SANT and
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HTH family domains. The BESS domain is known to direct a variety of protein-protein
interactions, including self-interactions (ENGLAND et al. 1992; CUTLER et al. 1998;
BHASKAR AND COUREY 2002). A recent study has found 21 genes in D. melanogaster that
contain a BESS domain and further identified 323 genes across 41 eukaryota species which
had a BESS domain spread over five different phyla. Proteins that have BESS domains
contain a single copy of it (except for two genes from the entire list of 323) and it is often
associated with the presence of a MADF domain which possess DNA binding activity
(RAO et al. 2016).
Isoforms 32A and 32B can form homo- and hetero- dimers, trimers and possibly
also larger oligomers with varying ratios of 32A to 32B. Hetero-complex formation is
common and is mediated by their identical carboxy-terminal domains, and DNA binding
is mediated by their unique BED finger domains (HART et al. 1997). In Chapter Two,
BEAF-BEAF interaction results confirmed that the BESS domain alone is sufficient to
mediate self-interaction, although the presence of at least one LZ domain on either subunit
can strengthen the interaction. A dominant negative form of BEAF, named the BEAF
Interaction Domain (BID), was engineered in our lab to encode the BEAF self-interaction
domain without a DNA binding domain. BID inhibits BEAF function presumably by
impeding the DNA-binding activity of BEAF complexes, and interactions between BEAF
and partner proteins. Driving expression of the BID transgene by daughterless-GAL4 has
shown that it leads to embryonic lethality. This indicates that inhibiting BEAF function
interferes with development.
BID transgene expression in eye tissue driven by an ey-GAL4 driver leads to a rough
eye phenotype that was shown to be rescued by an extra copy of the BEAF gene (GILBERT
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et al. 2006). A genetic screen was performed to identify mutations in genes that enhanced
the BID-dependent rough eye phenotype. Many genetic interactions were identified, with
the mutations being in genes encoding TFs (Dll, Bcd, Abda, AbdB, Scr, Ftz, MRTF, Zen,
pb, Dfd). Many of these are Hox genes, which encode one of most highly conserved family
of proteins in animal species, and are involved in the determination of body patterning
(MCGINNIS AND KRUMLAUF 1992; PEARSON et al. 2005). They have also been associated
with a number of human diseases (QUINONEZ AND INNIS 2014). Other genetic interactions
with BEAF include general TFs (GTFs) (Taf-1, Taf-6) and insulator proteins (Su(Hw),
Dwg/Zw5)(ROY et al. 2007). Of the many genes involved in modulating chromatin
structure that were tested, only Nipped-A and Spindle-E showed an interaction. The latter
was shown to be associated with oocyte maturation through RNAi mediated pathways and
is also implicated in heterochromatin formation (KENNERDELL et al. 2002; ARAVIN et al.
2004; PAL-BHADRA et al. 2004). Altogether this suggests that BEAF plays a wide role
during development and also participates in maintaining chromatin structure to enable
proper expression of genes (ROY et al. 2007).
We decided to test these genetically interacting genes for physical interactions with
BEAF, as well screening for additional interacting proteins. We designed yeast two-hybrid
(Y2H) and pull-down experiments using 32B, the essential isoform. We found several
developmental TFs physically interact with 32B. Then, a Y2H library screen found other
physical interaction partners of BEAF. We extended these experiments to determine what
part of BEAF interacts with each the most interesting protein partners. We also took the
four TFs identified and divided them into two halves to identify the BEAF interacting half
of each of these proteins. Using the rough eye screen, as previously described (ROY et al.
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2007), we tested for the genetic interactions between BEAF and these new partners
identified in the Y2H library screen. We found several of them to be very strong genetic
interactions. These findings provide preliminary insights into identification of proteins
(TFs and chromatin remodelers) that might work with BEAF protein to regulate gene
expression and affect chromatin structure.
Materials and Methods
Cloning of Plasmids
Y2H: All the cDNA constructs tested were fused with the GAL4-AD in pOAD
through restriction enzyme cloning. 32B full length and parts were fused to the GAL4-BD
in pOBD2. EcoRI and SalI (in the MCS region of the GAL4 fusion constructs) were used
for all cloning. The BEAF plasmids are described in Chapter Two. TFs were also split into
two halves (N-terminal and C-terminal) and fused with GAL4-AD using Gibson Assembly,
New England Biolab (NEB), with EcoRI (in the MCS region of both the GAL4 AD and
BD fusion constructs) to linearize plasmids. Primers were designed such that about 20
bases of sequence from either side of the EcoRI site on the plasmid were flanked on either
ends of the cDNAs through PCR. Then 2.5 l of Gibson assembly mix was mixed with a
total of 2.5 l of DNA (gel purified EcoRI cut plasmid and PCR product in 1:3 molar ratio)
in a PCR tube and run for an hour at 50°C on a thermal cycler. After this the mix was
transformed into highly competent E. coli cells (NEB5) and plated on LB amp.
Transformed colonies were screened for positive clones.
Co-IP: Proteins or their sub-domains being tested for interactions with 32B were
tagged with MYC epitope on their N-termini and cloned into pET expression vector with
a T7 inducible promoter, through Gibson Assembly, using a unique KpnI as the opening
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site on the plasmid (as described above). 32B N-terminally tagged with the FLAG epitope
was cloned by inserting EcoRI 32B fragment on a similar plasmid. Each of the epitope
tagged cDNAs were preceded by a Shine-Dalgarno sequence (AGGAGG) on the plasmid.
Y2H experiments
Two-hybrid assays were carried out using yeast strains either Y2H Gold (Clontech)
or DDY2937 (MAT trp1-901 leu2-3, 112 ura2-52 his3-200 gal4D gal80D LYS2::GAL1HIS3 GAL2-ADE2 met2::GAL7-lacZ, Donze Lab), with plasmids pOAD (GAL4-AD) and
pOBD2 (GAL4-BD) (BARTEL AND FIELDS 1995). Each of these GAL4 constructs in the
plasmids, fused with cDNAs, in various combinations were transformed into Y2H Gold by
the lithium acetate method and plated on media lacking tryptophan and leucine (selects for
plasmids). After 3-5 days of growth at 30 °C, the cells were grown in liquid medium for 2
days and diluted to an OD600 of 0.1. Four 5-fold serial dilutions were made in a 96 well
plate and 5 l from each well was spotted onto the plates containing selective media lacking
tryptophan, leucine, adenine and histidine (ADE2 and HIS1 are reporter genes). Growth
was compared after 2–3 days.
Fly Stocks
Flies were raised at 25°C on standard cornmeal, yeast and sugar medium with
Tegosept. Construction of the BID transgene, generation of transgenic fly lines, and
construction of the ey-GAL4/CyO; BID.3A/BID.3A line was previously described (GILBERT
et al. 2006). All experiments reported here used a third chromosome insertion called
BID.3A, hereafter referred to simply as BID. AV81 (SryD) mutant line was a generous gift
from Alain Vincent (CBI, France). All other mutant and RNAi flies were obtained from
the Bloomington Drosophila Stock Center (flystocks.bio.indiana.edu) and Vienna
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Drosophila Resource Center, and information concerning the RNAi and mutation lines
used in this study can be found at Flybase (www.flybase.org).
cDNA clones
Two cDNAs were kind gifts: Polybromo from Jessica Triesman (NYU), and Bin1
cDNA from Steven Hanes (SUNY). All other cDNAs for this study were purchased from
Drosophila Genome Resource Center (DGRC), Berkley.
Bacterial Protein Expression
MYC tagged proteins and FLAG tagged 32B were separately expressed in the
bacterial strain BL21 (DE3) pLysS. These bacteria have an IPTG or lactose inducible T7
RNA polymerase gene to allow expression of the constructs which are all under the control
of T7 promoter. Transformed bacteria were incubated at 37°C for 16 h on LB-agar plate
containing ampicillin (100 mg/mL) and chloramphenicol (34 mg/ml). A resistant colony
was then grown in 5 ml of Auto-induction media (1 % N-Z-amine AS, 0.5 % yeast extract,
25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 2 mM MgSO4, 0.5 %
glycerol, 0.05 % glucose, and 0.2 % α-lactose) containing Ampicillin + Chloramphenicol
and incubated in the shaker for 24 hrs (250rpm, 25°C). Expression of T7 RNA polymerase
is induced by α-lactose only after the cells have used up glucose. After 24 hrs, cells were
collected to prepare protein extracts (5000x g, 5 min). All the remaining steps were carried
out at 4°C. The cells were then washed with Tris-buffered saline (TBS,1mL; 50 mM TrisCl pH 7.5, 150 mM NaCl) and re-suspended in 200μl of TEN (10 mM Tris pH 8.0, 1 mM
EDTA, 50 mM NaCl) containing protease inhibitor cocktail (Sigma-Aldrich) and 0.5 mM
PMSF. Cells were treated with 1ul of 20% NP40 and were flash frozen with liquid
nitrogen. Further, the cells were thawed and sonicated on ice (2-3 cycles for 20sec each at

64

40% of maximum amplitude) and the supernatant was recovered after spinning twice
(16,000x g for 10min at 4°C). Equal volume (200μl) of TEN-glycerol (10 mM Tris pH 8.0,
1 mM EDTA, 50 mM NaCl, 20% glycerol) was added to make the final extract. All the
extracts were flash frozen to store at -80°C until further use.
Co-IP and Western Blot
Approximately 5μl of anti-FLAG antibodies on M2 beads (Sigma Aldrich) were
washed with TEN buffer (300μl; 10 mM Tris pH 8.0, 1 mM EDTA, 50 mM NaCl) and
resuspended in block buffer TEN.BSA (500 μl; 10mM Tris pH 8.0, 1 mM EDTA, 50 mM
NaCl, 0.5 mM PMSF, 0.25% BSA) and incubated for 30 min at room temperature. These
beads were added to mixed bacterial extracts containing MYC-tagged protein and FLAGtagged 32B in 400 μL final volume made up with TEN buffer (10 mM Tris pH 8.0, 1 mM
EDTA, 50 mM NaCl, and 0.5 mM PMSF) and were rocked for 2 hrs at room temperature.
The beads were then washed six times with 500 μL of TEN buffer, changing to new tubes
for the final wash, in a final volume of 30 μl of 1X sample loading buffer, and the mixture
was boiled for 5 min. The extracts were then separated by SDS-PAGE. The proteins were
transferred to nitrocellulose membranes, which were probed either with affinity purified
polyclonal anti-BEAF antibody (ZHAO et al. 1995) or mouse monoclonal anti-FLAG
(Sigma) or rabbit polyclonal anti-MYC (Santa Cruz). Either Goat anti-mouse-HRP or Goat
anti-rabbit-HRP was used with ECL Prime (Amersham) for detection.
SDS-PAGE
SDS–PAGE was performed using a 10% separating gel (pH 8.8) and a 5% stacking
gel (pH 6.8). Samples were mixed with 4X sample loading buffer to a 1X final
concentration. Then the samples were heated for 5 min at 95°C and centrifuged (3000g, 10
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sec). The samples were loaded onto a gel set up in a Bio-Rad Mini-Protean box and run at
a voltage of 150 V for an hour.
Y2H Library Screen
An aliquot (1 ml) (1.6 × 107 cells per ml, as determined with a hemocytometer) of
the harvested S. cereviceae 187α strain (harboring library constructs in pGADT7) was
mated with 5 ml (>1 × 108 cells per ml in YMD-TRP, as determined with a hemocytometer)
of S. cereviceae Y2HGold (containing the BEAF-32B full length construct in pOBD2)
based on the Matchmaker™ Gold Y2H (Clontech, USA) manual. The toxicity and autotranscriptional activation of the 32B fusion construct on bait plasmid was tested on YMD–
TRP and YMD-TRP-ADE-HIS plates, respectively before matings. The cells were resuspended in 10 ml of YPDA/Amp, 200 l aliquots were spread on selective media
[(YMD-TRP-LEU)/X-α-Gal/Aureobasidin (DDO/X/A)] plates and incubated at 30°C for
3–5 days. Positive and negative control matings were then carried out as per the
Matchmaker™ Gold Y2H manual and plated on DDO and DDO/X/A media. Mating
titrations were also carried out on YMD-LEU, YMD-TRP and YMD-LEU-TRP at 10X,
100X, 1000X and 10,000X dilutions of 100 l each. Colonies on YMD-LEU (1/10,000)
were calculated to be 8.4 x 106 cfu, on YMD-TRP (1/10,000) to be 3.6 x 108 cfu, and on
YMD-TRP-LEU (1/1000) to be 2.3 x 105 cfu from the titrations. With this information it
was determined that number of colonies screened was approximately 2.53 x 106, with a
mating efficiency of 2.73%. Single blue colonies from DDO/X/A were colonies were
patched on QDO (YMD-TRP-LEU-ADE-HIS)/X/A, followed by incubation at 30°C for
3–5 days.
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Figure 3-1. PCR amplification of cDNA inserts from randomly selected diploid colonies
from QDO/X/A plates. 24 colonies (lanes 2-25) were randomly selected and the inserts,
cloned in pGADT7 plasmid, interacting with BEAF were amplified by PCR with T7
forward primer and pOAD 3’ reverse primer which anneal to the opposite ends of the insert
on the plasmid. The insert sizes ranged between 500 bp – 2000 bp, as analyzed by 0.8%
agarose gel electrophoresis.
Following this, yeast colony PCR using 5′ T7 and 3′ AD primers was performed on
the blue colonies identified on the QDO/X/A media to determine the presence of inserts in
the prey, pGADT7 clones. PCR products were checked on a 0.8% agarose gel, where most
of the inserts ranged anywhere from 500 bp to 2000 bp (Fig. 3-1). These products were
cleaned up using Exo-Sap (Affymetrix) followed by ethanol precipitation, and then
sequenced in the forward and reverse directions using same primers used for PCR. The
sequences of the identified interactors were subjected to BLASTN and BLASTX analyses
(NCBI, http://www.ncbi.nlm.nih.gov) for identification and confirming the correct
orientation of the interactor sequences and to rule out any false-positive or large ORFs in
the wrong reading frame.
Rough Eye-Based Modifier Screen
Male ey-GAL4/CyO; BID/BID flies were crossed to virgin female flies containing
mutations or RNAi for the genes of interest. All crosses were done at 25ºC. The resulting
progeny were scored under a dissecting microscope and preserved for scanning electron
microscopy. No differences were observed between male and female progeny of the same
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genotype. In most cases there was no disruption of eye development in the progeny of the
ey-GAL4/CyO flies crossed with mutant or RNAi lines, in the absence of BID. This made
it evident that the rough eye enhancement in our experimental samples was due to genetic
interaction with BID expression. The only exceptions were two RNAi lines for SryD, which
were excluded from the analysis.
Scanning Electron Microscopy
There were two methods to prepare fly sample: fixing overnight with FAA solution
or simply subjecting them to a cold shock. In the FAA fixing method, the flies were treated
with FAA (16% formaldehyde, 5% acetic acid, 45% ethanol) for at least 24 hours, then put
through a dehydration series of ethanol (10 min each 75%, 87%, 94%, 97%, 4 x 100%)
followed by 2 x 30 min in 100% hexamethyldisilazane (HMDS). Flies were dried overnight
in a hood and stored in a desiccator. Flies were then sputter-coated and the eyes were
photographed in a Cambridge Stereoscan 260 SEM at 10KV at high vacuum. In the latter
method, flies were simply subjected to cold shock for 30 min at -20°C and placed on the
SEM mount and the eyes were photographed in a Cambridge Stereoscan 260 SEM at 10KV
at high vacuum without sputter-coating. Cold shock method was preferred over FAA to
prepare the samples as there was no inherent difference observed in the quality of the
sample obtained after preparation between the two methods.
Results
Y2H protein-protein interaction of 32B with proteins from genetic Screen
First, cDNA clones of the genes from the genetic interaction screen (ROY et al.
2007) were tested. We amplified the cDNAs and cloned them into the Y2H plasmid pOAD
which encodes the GAL4-Activation Domain (GAL4-AD), and used full-length 32B
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cloned in the pOBD2 plasmid which encodes the GAL4-Binding Domain (GAL4-BD)
protein (both these protein domains are derived from the yeast GAL4 protein). Since many
of these genetic interactions included TFs and general TFs we decided to have all the
experimental cDNAs to the GAL4-AD and BEAF on the GAL4-BD to eliminate the
identification of false positives through self-activation by these TFs and GTFs. Results
from this experiment showed that BEAF physically interacts with some developmental
TFs: Abdominal-B (AbdB), Sex combs reduced (Scr), Bicoid (Bcd) and the RNAi protein
Spindle-E (SpnE) out of all the 25 proteins that were tested. Surprisingly no interactions
for 32B was found with tested the insulator proteins, including Zw5 and CP190 which were
reported in studies to physically interact with BEAF (Fig. 3-2) (BLANTON et al. 2003;
LIANG et al. 2014; VOGELMANN et al. 2014).

Figure 3-2. Identifying interaction partners of BEAF32B from the earlier published list of
genetic interactions. BEAF32B full length (BFL) fused with the GALBD interacts with
Scr, AbdB, Bcd and SpnE, which are fused onto the GAL4AD. Zw5 and CP190, which
were previously reported to interact with BEAF, failed to interact in our screen. Interactions
between BEAF32B parts (LZB, BESS) served as positive controls.
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Global Y2H Screen for BEAF interacting proteins
Finding developmental TFs physically interacting with 32B in one-on-one Y2H
experiments was intriguing. Genome-wide mapping of BEAF shows that it usually binds
near transcription start sites (TSSs), suggesting it might help keep associated promoters
active. Interactions with TFs is consistent with this model. However the TFs we identified
are developmentally regulated. Their expression is temporally and spatially restricted. We
performed a global analysis to identify other novel interaction partners of 32B using a Y2H
library. One possible outcome would be to find additional TFs that might interact with
BEAF across a wide range of developmental stages and tissues. An Y2H cDNA library kit
was purchased from Clontech which was generated from RNA extracts from Drosophila
embryos. The cDNA library constructs were all cloned into the prey vector pGADT7 and
transformed into the Y187 yeast strain. BEAF-32B cloned into pOBD2 was used as the
bait vector and transformed into the Y2HGolda yeast strain. After checking for selfactivation and toxicity of pOBD-32B, matings were performed and positive colonies were
screened as described in the Materials and Methods section. Data analysis revealed novel
interaction partners. The nuclear proteins Polybromo (PB), Bicoid interacting protein
(Bin1/Sap18), Serendipity-Delta (SryD) and CG11164 were identified. Other proteins that
were found include mRpL44, CkIIi3, Tango9 and many others which are mostly
uncharacterized, such as CG32276, CG13463, and CG13285 (Table 3-1). We also found
both the BEAF isoforms, 32A & 32B, several times which strengthened our results. PB (a
subunit of a Swi/Snf family chromatin remodeling complex), Bin1 (HDAC-associated) and
SryD (TF) were quite interesting, given their specific roles in transcriptional regulation.
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Table 3-1. Summary of physical interactions identified for BEAF32B protein from the Y2H
library screen. Number in parenthesis next to the proteins indicate the number of times they
were found in the interaction screen

However, we didn’t find interactions with the proteins that were tested in our earlier
Y2H experiment. We checked the high throughput RNase-Seq data on Flybase and found
that all these genes (Abdb, Scr, Bcd, SpnE) had relatively short-lived expression profiles in
embryos. This raised the possibility that their cDNAs would not be well represented in the
Y2H library that was used. In order to test this we did PCR with a GAL4-AD 5’ primer
and two 3’ primers specific for SpnE or AbdB using yeast containing the library as input
DNA. CG11164 served as our positive control, an interacting partner identified from the
screen. Confirming our suspicion, the SpnE and AbdB clones were not detected in the Y2H
library whereas CG11164 was.
CP190 was another protein that did not show up as an interaction with 32B even
though it was reported to interact with BEAF in nuclear extracts, bacterial expression
extracts and even in Y2H (LIANG et al. 2014; VOGELMANN et al. 2014). We were able to
PCR amplify CP190 from the library, revealing, that it was well represented in the library
but did not interact with 32B (data not shown).
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Pull-downs of 32B with the interacting proteins from Y2H
We designed several constructs for bacterial expression to check some of the Y2H
interactions from both the genetic screen list and the library screen (PB, Bin1, SryD, AbdB,
Bcd, and Scr) through pull-downs. To accomplish this, we generated plasmids that
expressed N-terminal FLAG-tagged 32B and N-terminal MYC-tagged protein partners.
Extracts containing each protein were mixed and added to anti-FLAG beads (Sigma) to
pull down 32B and any associated proteins. 32B was detected with previously
characterized anti-BEAF antibody (ZHAO et al. 1995), and protein partners were detected
with anti-MYC antibody (Santa Cruz Biotechnology).

Figure 3-3. Pull-downs of BEAF-32B with partner proteins from Y2H assays. First lane
indicates the input for all the proteins (FLAG-32B was detected with anti-BEAF, and other
proteins being tested were detected with anti-MYC. Only Polybromo (PolyB) was detected
with anti-PolyB. Second lane indicates IP with just the anti-FLAG beads with each of the
MYC tagged protein in the absence of FLAG-32B. Third lane is actual pull-downs of the
proteins by FLAG-32B that is bound by anti-FLAG beads. Fourth lane is detection of
FLAG-32B that being pull-down from the same extract loaded in the third lane.
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Mapping Interaction Regions inside 32B and TFs
Since we found four TFs (AbdB, Scr, Bcd, SryD) interacting with 32B, we next
mapped the interaction regions inside 32B and also these TFs (Fig. 3-4).
A

B

C

D

E

F

Figure 3-4. Identifying interaction regions inside BEAF32B with the TFs and SpnE.
Interactions between BEAF parts (BESS) served as a positive control. A-C) All the different
parts of 32B including full length (BFL), on GAL4BD, tested with AbdB, Bcd and SpnE
on GAL4AD shows that MLZ and LZB parts mediate these interactions. D-E) Scr and SryD
on GAL4AD interacts with MID region of 32B. F) Further dissection into the 32B MID
region revealed MID1-60 and MID30-90 parts were responsible for interactions with SryD
and Scr respectively.
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We used the parts of 32B described in the second chapter and also generated three
additional parts from the middle region (MID 1-60, MID 30-90, MID 60-120) for use in
Y2H assays. Using Y2H, we identified that both MLZ and LZB interacted with Bcd, AbdB
and SpnE, while MID30-90 interacted with Scr and MID1-60 interacted with SryD (Fig.
3-4). We then split the TFs into two parts each as shown in Fig. 3-5. Each of these TF
halves were transformed with full length 32B into yeast for Y2H assays and screened for
physical interactions.
N-half (P1)

C-half (P2)
Homeo-domain

AbdB
1

158

159

270

247
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Homeo-domain

Bcd
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206
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Zf7

433
181
1
182
Figure 3-5. Schematic diagram that shows the design of the transcription factor (TF) parts
for the TFs proteins: AbdB, Scr, Bcd and SryD. Zf is short for zinc finger.
Our results showed that N-terminal part of Bcd and SryD interacted with 32B.
Interestingly both parts of AbdB interacted with 32B and, oddly enough, none of the parts
of Scr interacted with 32B (Fig. 3-6A and C). We then performed pull-downs with FLAG32B and MYC tagged TF halves with anti-FLAG beads. As in the Y2H results, the Nterminal regions of Bcd and SryD interacted with 32B. Only the C-terminal portion of
AbdB and Scr (weakly) interacted with 32B. Interestingly, the Bcd, AbdB and Scr portions
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that interacted with 32B, both by Y2H and by pull-downs had homeodomains (Fig. 3-6B
and D).
A

B

C

D

Figure 3-6. Characterizing interaction regions between TF parts and BEAF-32B via Y2H
and pull-downs. A, C) Interactions between two halfs (P1 and P2) of each TF (Abdb, Bcd,
Scr and SryD), each fused with GAL4AD, tested with and 32B on GAL4BD identified
both the Abdb parts P1 and P2, Bcd P1 and SryD P1 to mediate 32B interactions. Both the
Scr parts failed to interact with 32B. B, D) Pull-downs of each of the TF part with 32B
confirmed only AbdB P2, Bcd P1, SryD P1 and found Scr P2 (weak) to mediate
interactions with 32B.
Next, we took the corresponding 32B parts which interacted with these TFs in our
earlier Y2H experiments and transformed them into yeast with each of the TF parts.
Results from this Y2H set showed that MLZ interacted with the Bcd N-terminal half but
not LZB. No interactions were detected for the AbdB halves with MLZ or LZB. SryD
interacted with MID region but not with MID1-60 that previously interacted with it, and
no interactions were detected with Scr halves with either the MID or MID30-90 that
previously interacted with full length Scr (Fig. 3-7).

75

A

B

C

D

Figure 3-7. Characterizing interaction regions between TF parts and BEAF32B parts via
Y2H. BEAF32B parts (BESS) served as positive controls. A) Interactions between two halfs
(P1 and P2) of Abdb fused with GAL4-AD, tested with and 32B parts on GAL4BD
interacted poorly beyond full length 32B, if any (very weak MLZ and LZB with P1 and
MLZ with P2). C) Again none of the Scr parts interacted with 32B or its parts. B, D) P1 of
both Bcd and SryD interacted with only MLZ and MID region of 32B respectively.
Genetic Interactions with BEAF using a rough eye Screen
We used a previously described genetic screen based on a rough eye phenotype
(ROY et al. 2007) to test genes identified in our Y2H screen. Fly lines which were either
mutant for these genes or expressed RNAi specific to these genes under GAL4 UAS control
were obtained from either the Bloomington Drosophila Stock Center (BDSC) or the Vienna
Drosophila Resource Center (VDRC). These corresponded to the genes: Pb, Bin1, SryD,
mRpL44, CkIIi3, CG32276. We also included Mes4 which is a histone methyltransferase
that was recently reported to physically interact with BEAF (LHOUMAUD et al. 2014).
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Figure 3-8. Representative scanning electron micrographs showing enhancement of the eyGAL4/+; BID/+ rough eye phenotype by mutant alleles and RNAi lines (for Polybromo,
Bin1and Dmes-4). The first panel in the last row shows a reference eye comparable to wildtype. The other panels show eyes of the ey-GAL4 combined with the indicated mutant
alleles and RNAi lines with BID, all being trans-heterozygous.
First generation flies that are double heterozygotes for either the mutant gene, or
RNAi for that gene, with BID and the ey-GAL4 driver were selected for scanning electron
microscopy of their eyes. We found the mutant genes pb, sryd and dmes4 produced a strong
genetic interaction with BEAF, judging from the enhanced rough eye phenotype (Fig. 3-8).
Particularly, dmes4 RNAi line and mutant lines for pb, dmes4, and more so sryd, proved to
be very strong enhancers of the rough eye, and the sryd mutant fly crosses hardly had any

77

ommitidia. These strong genetic interactions are indicative of a strong functional link
between BEAF and these genes, especially SryD. The CG30404 mutant, mRpL44 RNAi
line, and bin1 31048 RNAi line did not obviously affect the rough eye phenotype caused
by BID expression. The mutant lines bin1 31801, mrpl44, cg32276 gave a weak to
moderate enhancement. (Fig 3-8 and 3-9).

Figure 3-9. Representative scanning electron micrographs showing enhancement of the eyGAL4/+; BID/+ rough eye phenotype by mutant alleles and RNAi lines (for CKIIai3,
mRpL44, CG11164 and CG32276). The first panel in the last row shows a reference eye
comparable to wild-type. The other panels show eyes of the ey-GAL4 combined with the
indicated mutant alleles and RNAi lines with BID, all being heterozygous.
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Discussion
Following up on the gene list from a genetic screen (ROY et al. 2007) we have
identified that 32B physically interacts with at least four proteins. These include three
developmentally regulated TFs belonging to the highly conserved Hox family. Among all
the TFs identified, Bcd sits at the top in the transcriptional network during the
determination of body pattern along the anterior posterior (AP) axis in embryos, acting as
a morphogen. Bcd protein is encoded by the Antennapedia complex. Bcd diffuses from the
anterior source towards the posterior side of the embryo forming a gradient which helps
specify various regions of the head and thorax (DRIEVER AND NUSSLEIN-VOLHARD 1988a;
DRIEVER

AND

NUSSLEIN-VOLHARD 1988b). This gradient formation is due to the

localization of Bcd mRNA in the anterior portion of the embryo (BERLETH et al.
1988). Further experiments suggested that the thresholds for response to Bcd is determined
by the affinity of Bcd binding to its sites on DNA in the upstream region of target genes.
For example the high-affinity sites in the Hunchback promoter region can be bound by Bcd
at low concentrations and its expression can be driven throughout most of the Bcd gradient
(DRIEVER

AND

NUSSLEIN-VOLHARD 1989; STRUHL et al. 1989). AbdB, encoded by the

Bithorax complex, is expressed during later stages of embryo development and is required
to specify the posterior abdomen and the genitalia (ESTRADA

AND

SANCHEZ-HERRERO

2001). Abdominal B (AbdB) has been shown to be involved in the invagination of the inner
cells that give rise to the spiracular chamber from the posterior spiracle, which constitutes
the posterior end of the larval respiratory system, in later embryos during development
(CASTELLI GAIR HOMBRIA et al. 2009). Sex combs reduced (Scr) protein, like Bcd, is also
encoded by the Antennapedia complex, is important for the determination of labial, first
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thorax segment, and normal tarsus determination (PERCIVAL-SMITH et al. 1997). It was
found that expression and accumulation in later embryos and in third instar larval imaginal
discs are differentially regulated (PATTATUCCI

AND

KAUFMAN 1991). All these

developmental TFs perform different roles in body patterning at different times and places.
It is possible interactions between BEAF and these TFs at target genes regulates gene
expression when and where these TFs are present.
Mapping of interaction regions within 32B for the TF interactions found LZ to be
responsible for Bcd and AbdB interactions, and MID30-90 and MID1-60 to be responsible
for Scr and SryD interactions respectively. This shows that LZ is involved in BEAF-protein
interactions, and the highly conserved part of the middle region mediates BEAF-protein
interactions through uncharacterized domains. Together, with the deletion studies of BEAF
in chapter two, these findings suggest that the middle region is indispensable because it
contacts proteins that are critical for BEAF function, as well as perhaps providing a flexible
linker between BEAF DNA binding and self-interaction domains.
Formation of heterodimers has the ability to increase the regulatory repertoire of
TFs in order for them to control gene expression. It is known that LZs are usually found in
bZIP domains in TFs. LZ domain proteins are widely implicated in homo- and heterodimerization of the bZIP family proteins in various organisms (O'SHEA et al. 1989; VINSON
et al. 1989; ARMSTRONG et al. 1992; PYSH et al. 1993; MENKENS AND CASHMORE 1994;
HONG et al. 1995; NANTEL AND QUATRANO 1996; CHEONG et al. 1998). Studies on natural
bZIP proteins indicate that dimerization tendencies vary within the family where some of
these proteins preferentially form homodimers and others in the same family preferentially
form heterodimers (O'SHEA et al. 1992). However, heterodimerization is highly distinct
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and varied among bZIP family proteins despite high conservation of LZ domains within
these proteins (TURNER AND TJIAN 1989; SCHUERMANN et al. 1991; O'SHEA et al. 1992;
VINSON et al. 1993). Some bZIP containing proteins in Drosophila include Atf3, dFos,
dJun, and Jdp2, which partner only with a subset of bZIP proteins through their LZ domains
(SEKYROVA et al. 2010). Although the LZ in BEAF is not necessary for homodimerization,
we think that LZ could still engage in heterodimerization of BEAF with certain TFs
containing a LZ and modulate BEAF’s function. And so, identification of bZIP family TFs
in future experiments that physically interact with BEAF could further understanding of
BEAFs role in promoter activity.
It was interesting to find quite a few developmentally regulated TFs physically
interacting with BEAF. Testing these TF parts, part 1 (P1, the N-half) and part 2 (P2, the
C-half), with previously interacted BEAF parts in Y2H assays indicated that MLZ, but not
LZB, interacts with Bcd P1 and MID, but not MID1-60, interacts with SryD P1. Bcd P2,
SryD P2 did not interact with BEAF, consistent with bacterially expressed pull down
experiments mapping the interaction regions to their P1. However, neither Abdb P1 nor P2
interacted with parts of BEAF but only with the full length, and Scr P1 and P2 (P2
interacted weakly in pull down with full length) did not interact with any of the BEAF
constructs. This discrepancy could be caused by the folding properties of the fusion of the
TF parts with GAL4 domains which could be less stable, or have poor exposure of the
binding site in some confirmations and hence cannot interact with LZB (in the case of Abdb
P1, P2 and BcdP1) and MID1-60 (in the case of SryD) and MID, MID30-90 and full length
BEAF (in the case of Scr P1 and P2). Strikingly, from mapping interaction regions inside
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TFs parts, showed that the homeodomain containing half to be interacting with BEAF, in
the case of developmental TFs (Bcd, AbdB, and Scr).
Homeodomains confer sequence specific DNA binding to proteins that regulate
key developmental processes (GEHRING et al. 1994a; GEHRING et al. 1994b).
Homeodomains are also known to mediate a variety of protein-protein interactions with
other DNA-binding proteins (VERSHON 1996; OHNEDA et al. 2000; BRUUN et al. 2005).
For example AbdB interacts with TFIIE through its homeodomain (ZHU AND KUZIORA
1996). It is possible that the homeodomains of identified TFs mediate interactions with
BEAF. But this idea needs to be tested. Interactions with quite a few homeodomain TFs
indicates the possibility that BEAF could possibly partner with other homeodomain
proteins (outside the list from our study), either through its LZ domain or the highly
conserved part of middle region, which has potentially interesting implications in
regulating gene expression especially during development.
From an earlier ChIP-chip study carried out on Drosophila embryos in our lab, we
knew that BEAF preferentially localizes at transcriptional start sites (TSSs). Over 85% of
BEAF peaks are centered within 300 bp of TSSs. Interestingly, more than 60% of these
promoters were for housekeeping genes (HKGs) (JIANG et al. 2009). It is plausible that
BEAF binding to these sites is involved in keeping the associated promoters (such as
HKGs) open and perhaps the developmental TFs modulate BEAF-associated promoter
activity when they are present. However these TFs are highly constrained, and they either
have a low expression profile, or their expression lasts in only a few stages during
embryogenesis, or both (MALLO AND ALONSO 2013). But HKG promoters are more or less
constitutive across developmental stages and cell types. Hence the involvement of these
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TFs with BEAF could be limited to a narrow time frame and even to a specific embryonic
location where they could be recruited to BEAF-associated promoters to activate
transcription. This indicates that BEAF could take up specific roles during development
where it could potentially influence the activity of other genes that coordinate
developmental processes. However, in addition to these TFs from our interaction study,
there could be other TFs (containing LZ, Homeo or BESS domains) that partner with
BEAF, which were not uncovered in our studies. BEAF could associate with such factors
that help maintain the promoter architecture conducive for transcription, in a wide range of
spatial and temporal contexts. However, SryD TF has more ubiquitous expression and in
addition to physical interaction it also seems to have a strong functional link with BEAF,
as inferred from rough eye assay. Results from our studies hint that BEAF together with
SryD could have wider role in modulating promoter architecture of the target genes.
PB is a multiple bromodomain-containing protein which, is a subunit of the Brahma
associated protein (BAP) complex known as PBAP. This is one of two Swi/Snf family
chromatin remodeling complexes in Drosophila, the other one being the BAP complex
(MOHRMANN et al. 2004). PB, together with BAP170 (signature subunits of PBAP), plays
an important role in Germline Stem Cell (GSC) maintenance, and helps control GSC selfrenewal at multiple levels (HE et al. 2014). PBAP complexes are also recruited to
chromatin boundaries in a GAGA factor-dependent manner, and are needed for H3.3
replacement with H3 to execute boundary functions (NAKAYAMA et al. 2012). PBAP
complexes have been implicated in repressive roles whereas BAP complexes are
implicated in activating roles (RENDINA et al. 2010). A recent study found
that pb knockdown led to a significant increase of gene expression in a luciferase based
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reporter gene assay (BONNAY et al. 2014). Another study also found that PB protein usually
tends to repress promoter activity in 24 different enhancer contexts, which agrees with the
repressive properties of PB from earlier research work (STAMPFEL et al. 2015). From the
same study PB was reported to be a very closely associated co-factor of BEAF in various
context dependent enhancers suggesting that these two proteins could be involved in
cooperative regulation of target genes. Recently, contrary to these reports, a study from our
lab finds that the expression of many genes are down-regulated when PB is knocked-down
via RNAi (CMH, unpublished data). It is unclear how PB could perform both, active and
repressive roles. This discrepancy could be accounted for different cell-types, or specific
set of genes vs global-scale analysis of genes, between these studies. Nevertheless, it
appears that PB could possess properties consistent with activation and repression, and this
could depend on cell-type and also it’s interaction with other proteins at the target genes.
Bin1 was originally identified in an Y2H Screen to find proteins interacting with
Bcd (ZHU AND HANES 2000), was later shown to be a member of the Sin3A/Rpd3 histone
deacetylase complex (ZHU et al. 2001). Bin1 is implicated in determining the activity of
Bcd, which is generally an activator but can be converted into a repressor presumably by
recruiting Bin1 and its HDAC-associated complexes to Bcd target promoters (SINGH et al.
2005). Bin1 can impart transcriptional repression on Kruppel targeted genes by associating
with DNA bound Kruppel at the respective loci to silence these genes by local histone
deacetylation (MATYASH et al. 2009). Bin1 also regulates the expression of several immune
and stress related genes and bin1 mutant animals are hypersensitive to different
environmental stresses (COSTA et al. 2011). Although in our genetic screen, Bin1 only
showed moderate enhancement of rough eye, it could still play an important role in
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repressing BEAF targeted genes. BEAF interaction with PB might be more significant as
inferred from the strong enhancement of the rough eye in the genetic screen. These two
findings together indicate that BEAF might recruit PBAP and HDAC complexes through
its interactions with PB and Bin1 and act as repressor at certain target genes. However,
more functional assays are required to test this idea.
In contrast to PB and Bin1, SryD is an activator protein which was found to be in
direct control of the expression of Bcd gene through its binding to specific DNA motif in
the promoter region of Bcd gene (PAYRE et al. 1994; RUEZ et al. 1998). Interestingly, SryD
was reported to preferentially activate gene expression in an upstream housekeeping Core
Promoter (hkCP) context out of 24 enhancer-promoter contexts tested (STAMPFEL et al.
2015). This suggests that gene activation via SryD is context dependent, and SryD could
play a role in upregulating the expression of HKGs. This is in agreement with our model
that BEAF helps keep the HKG promoters active and this is possibly achieved in part by
the recruitment of SryD at BEAF-associated HKG promoters. Our rough eye screen also
showed a very strong interaction between these two genes which supports this model.
BEAFs association with the PBAP chromatin remodeling complex could be
strengthened if, in addition to Pb, other subunits are also involved in influencing BEAFs
function. This can be tested through screening for genetic interactions between the BID
line and chromatin remodeling subunits like Moira, Bap55, and Osa. with strong mutant
and RNAi lines. If any these genetically interact then they could be further tested for
physical interactions with BEAF. This could have implications on BEAFs association with
the broader Swi/Snf family outside the PBAP complex. Bin1 is a part of Sin3A complex,
which shares subunits, such as HDAC1 and Nurf55, with other NuRD complexes
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(MARTINEZ-BALBAS et al. 1998; REDDY et al. 2010; SPAIN et al. 2010). There is
preliminary data that certain Nurf and BAP components associate with BEAF complexes
(MM & CMH unpublished data). Hence, BEAFs association with similar complexes
through such common subunits could be directly tested. These follow up studies could
perhaps reveal if BEAF shares strong ties with chromatin remodeling in broader contexts,
which could be one of its underlying mechanisms in modulating the expression of its target
genes.
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CHAPTER FOUR:
FLUORESCENT STUDIES ON BEAF-32A AND BEAF-32B PROTEINS
Introduction
The emergence of fluorescent protein labels, such as Green Fluorescent Protein
(GFP) has revolutionized live-cell visualization techniques in the last two decades for
observing molecular processes. GFP is a naturally occurring fluorescent protein which was
originally isolated from the jellyfish Aequoria victoria (SHIMOMURA et al. 1962). Genetic
engineering has made it possible to make gene fusions to fluorescently label proteins to
follow their movements inside the cell (PRASHER et al. 1992). Many variants of GFP have
been generated which fluoresce in different colors which gives a wide choice of
fluorophore labelling and also enables fluorescent studies where more than one protein can
be labelled at a time (MATZ et al. 1999; SHANER et al. 2004; SHANER et al. 2008). There
are many other uses of fluorescent proteins which include determining protein-protein
interactions as a part of protein-fragment complement assay (PCA) or Fluorescence
Resonance Energy Transfer (FRET) (SHCHERBO et al. 2009), quantifying and sorting cells
through fluorescent-activated cell sorting (FACS) (ANDERSON et al. 1996), following
proteins to observe their fate in specific locations inside a cell via photo-modulatable
fluorescent proteins, and other methods (PATTERSON et al. 1997; LUKYANOV et al. 2005;
LIPPINCOTT-SCHWARTZ AND PATTERSON 2008).
Understanding protein sub-cellular localization is important to gain insights into
protein function and such studies can be done either by fixing cellular structures onto a
glass slide and detecting proteins through immunological methods using highly specific
fluorescent antibodies, or by incorporating a GFP fusion with the gene of interest in the
genome of an organism through recombinant DNA methods to visualize protein dynamics
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in live cells (CUBITT et al. 1995; KAETHER

AND

GERDES 1995). Apart from labelling

proteins, GFP is also used as a reporter where activity of certain genes in different
developmental stages, cell types, or even sub-cellular localization of a gene product can be
ascertained (CIRILLO et al. 1998; LISSEMORE et al. 2000; HALFORD et al. 2004). For such
experiments the GFP gene is kept under the control of the promoter of the gene of interest
which when expressed would allow for direct visualization of the gene products. An
advantage of using endogenous GFP (and other fluorescent proteins) expression lines is
that it is a non-invasive method and there is no need for elaborate procedures, unlike in
immunofluorescent methods, in order to prepare the sample. And since proteins can be
fused with fluorescent proteins the ratio of expression between label and the target protein
remains 1:1, which is ideal for quantitative imaging (PATTERSON et al. 1997). Also
fluorescent proteins are relatively small, usually around 25 kDa, and they tend not to
interfere with cellular processes making them a great tool for cell and molecular
visualization studies (CHALFIE 2009).
Wild-type GFP had to undergo several improvements to make it more practical in
its use when expressed in various host systems. A single point mutation, S65T, in GFP was
one of first big improvements which made the protein better in terms of its photo-stability
and signal strength (HEIM et al. 1995). Another challenge working with fluorescent
proteins was that they can assemble into oligomers in their native forms (WARD 2006;
SHANER et al. 2007). Since this feature of fluorescent labels could affect certain research
studies, multiple mutations have been introduced in the fluorescent proteins to eliminate
oligomerization, for example the mutation A206K prevents dimerization of fluorescent
proteins derived from jellyfish (ZACHARIAS 2002). Many other mutations have been
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introduced to enhance the signal strength of the fluorescent proteins and to allow them to
mature and fold properly when fused to other proteins and expressed outside their natural
system (HEIM et al. 1994; CRAMERI et al. 1996; KIMATA et al. 1997; TSIEN 1998;
GRIESBECK et al. 2001; PEDELACQ et al. 2006). A key point mutation, F64L, in GFP led
to enhanced GFP (EGFP) which could now fold efficiently at 37 °C which allowed for its
wide application in mammalian systems (CORMACK et al. 1996). Later, one of the versions
of red fluorescent protein from Discosoma, named DsRed, was also improved by
introducing 33 mutations that gave rise to monomeric red fluorescent protein (mRFP)
which conferred more flexibility in its use than DsRed, as it doesn’t form dimers, matures
faster and has minimal emission when excited at wavelengths optimal to GFP (CAMPBELL
et al. 2002).
Fluorescent labelling of BEAF
We were interested in using fluorescent proteins to study the dynamics of the
BEAF-32A and 32B proteins. BEAF-32 was originally identified as an insulator protein
that binds to the scs’ insulator element (ZHAO et al. 1995), located on one edge of the 87A
hsp70 locus in Drosophila (UDVARDY et al. 1985). BEAF was shown to localize to
numerous interbands and puff boundaries through immuno-fluorescent studies on polytene
chromosomes (ZHAO et al. 1995). Several BEAF binding sites were shown to protect
transgenes against chromosomal position effect, a hallmark activity of insulators (CUVIER
et al. 1998; CUVIER et al. 2002).
BEAF-32, a 32kDa nuclear protein, is expressed as two isoforms, 32A and 32B.
Alternate promoters are presumably involved in giving rise to these isoforms. They only
differ in their N-terminal region, which harbors an atypical zinc-finger called the BED
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finger which possess DNA binding activity. 32A and 32B not only form trimers but they
can also form BEAF oligomers and the ratio of 32A and 32B can vary at different loci
(HART et al. 1997). The isoforms share the same middle region and C-terminal region.
Earlier work showed that C-terminal region is responsible for mediating BEAF-BEAF
interactions (HART et al. 1997). However the function of the middle region was not known.
BEAF was shown to be phosphorylated and O-glycosylated, the latter being important for
its association with nuclear matrix (PATHAK et al. 2007). Other putative modifications
were also reported in the same study, many in the middle region. Other proposals on middle
region function suggest that it acts as a hinge region that provides structural flexibility to
DNA binding by N-terminal BED fingers connected by subunit interactions mediated by
the C-terminal region. Following up on work presented in Chapter Two, we found that the
BESS domain in the C-terminal region is responsible for BEAF-BEAF interactions and the
LZ is not required but it can strengthen these interactions. Deletion of the middle region or
BESS domain cannot rescue a null BEAF allele showing that they are indispensable parts
of BEAF. In chapter three, the middle region was shown to mediate interaction of BEAF
with two TFs (SryD & Scr) indicating that the middle region is more than a flexible linker.
Together these results suggest that interactions of BEAF with itself and other proteins are
essential for BEAF to function properly.
To further characterize 32A and 32B individually, we generated gene fusions of
32A-EGFP and 32B-mRFP through recombinant methods and obtained transgenic lines for
these constructs to study their in vivo protein dynamics. We set up crosses with the help of
double balancer lines to express these two transgenes together in the same fly line. We
generated two lines, one kept under the control of native promoter and in the other line kept
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under the control of UAS which is bound by GAL4 protein. GAL4 proteins is an activator
which can drive the expression of UAS associated genes, with many transgenic GAL4 fly
lines allowing diverse expression patterns of transgenes under UAS control (BRAND AND
PERRIMON 1993). These transgenes were expressed in salivary glands through a salivary
gland specific GAL4 driver to observe the distribution of 32A and 32B on polytene
chromosomes. We also performed FRAP experiments on polytene chromosomes with the
same line expressing both 32A-EGFP and 32B-mRFP together to measure their dynamics.
We used another line that expresses H2Av-mRFP to compare the recovery time between
these proteins. We also examine the dynamics of 32A and 32B during mitosis. This lays a
foundation for additional studies of BEAF dynamics.
Materials and Methods
Microscopy 32A vs 32B binding sites
Interphase salivary gland nuclei were examined following protocols for polytene
squashes. Wandering 3rd instar larvae were dissected in PBS solution containing TritonX100 (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, and 1% TTX-100).
Glands where then transferred to PBS/1%TTX-100 and 3.7% formaldehyde with a 1:1000
dilution of 1 mg/ml DAPI for 2 minutes. After rinsing in 50% glycerol the glands were
gently placed between a coverslip and microscope slide and observed under DAPI channel
for the spreading of chromosomes. Gentle tapping with the eraser head of a pencil was
done in a spiral pattern on the coverslip until desired spreading of chromosomes was
obtained. Then the slide and cover slip were squished with thumb to flatten the
chromosomes before sealing the sides with nail polish. Slides were immediately viewed
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with a 63X oil immersion lens with a Leica DMRXA2 deconvolution microscope. Images
were cropped and labeled using Adobe Photoshop.
Fluorescence Recovery After Photobleaching (FRAP)
Wandering 3rd instar larvae were selected, rinsed and salivary glands were
dissected in Robb’s Media prepared by mixing Robb’s A and Robb’s B solutions in the
ratio of 1:1 (Robb’s A: NaCl 52mM, KCl 40 mM, Glucose 10 mM, Sucrose 100 mM,
MgSO4.7H2O 1.2 mM, MgCl2.6H2O 1.2 mM, CaCl2.2H2O 1 mM; Robb’s B: NaH2PO4 2
mM, KH2PO4 0.37 mM, NaOH 0.2 mM) (ROBB 1969). Nuclei of cells with similar
brightness, under GFP and RFP channels, were chosen for FRAP experiments on a Leica
Confocal Microscope Sp5 (Pennington Biomedical Research Center). Ar-Ion gas laser was
used at 488 nm to excite green fluorophore and HeNe laser was used at 561 nm for exciting
the red fluorophore. A region of interest (ROI) in these nuclei was photo-bleached with a
laser beam set to 100% power. Approximately 30% of the maximum power was used for
image acquisition. Fluorescence recovery in this ROI was monitored over time using the
FRAP software provided by Leica. As controls, fluorescence intensities were monitored
within and outside the tested nucleus. Fluorescence intensities were evaluated by analysis
of the images by Leica software, and the data was further processed through easyFRAP
software to assess the t1/2 recovery times and normalize the values (RAPSOMANIKI et al.
2012).
Fly Lines
Flies were injected with pUAST-32A-EGFP and pUAST-32B-mRFP separately by
Genetivision (Houston). We used transgenic lines with UAS-32A-EGFP inserted on the 3rd
chromosome and UAS-32B-mRFP inserted on the X chromosome. We used an 1824-

99

Sal.GAL4 driver line on the 3rd chromosome. To make all the transgenes homozygous,
UAS-32A-EGFP was recombined onto the same chromosome as 1824-Sal.GAL4. Double
balancers (FM7 and TM6) were used to make flies homozygous for UAS-32B-mRFP on
the X chromosome and UAS-32A-EGFP, 1824-Sal.GAL4 on the 3rd chromosome. This line
expresses both 32A-EGFP and 32B-mRFP fusion proteins in salivary glands driven by the
salivary gland specific driver 1824-Sal.GAL4.
Cloning of Plasmids
Construction of a P-element plasmid encoding a BEAF-EGFP fusion gene driven
by the endogenous BEAF promoter has been described (ROY et al. 2007). The transgene is
insulated upstream by the M2 derivative of the scs’ insulator (CUVIER et al. 1998), and
downstream of mini-white by the scs insulator (KELLUM AND SCHEDL 1991). About 900
bp of sequences upstream of the 32A ATG start codon are present, starting at an EcoRI site
about 260 bp upstream of the transcription start site of the divergently transcribed CG10155
gene. To make a 32A-EGFP transgene, site-directed mutagenesis was performed to
introduce SalI sites about 40 bp upstream and 150 bp downstream of the 32B start codon
(Quikchange, Agilent Technologies) followed by deletion of the SalI fragment. To make a
32B-mRFP transgene, a BsiWI site was placed about 30 bp upstream of the 32A start codon
by site-directed mutagenesis, and a BsiWI fragment from this site to about 140 bp
downstream of the start codon was deleted. Then sequences encoding a monomeric RFP
protein (CAMPBELL et al. 2002) were PCR-amplified and substituted for EGFP sequences
as a KpnI-NotI fragment which is in fusion with BEAF ORF sequences. All the plasmid
constructs were verified by sequencing.
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Results
Binding patterns of 32A vs 32B on Polytene Chromosomes
Evaluating the binding patterns of 32A and 32B proteins on the polytene
chromosomes was of interest since they were implicated in the formation of heterocomplexes yet only 32B is essential (HART et al. 1997). We expressed the fusion proteins
32A-EGFP and 32B-mRFP, which were under the control of a GAL4 UAS, using a salivary
gland-specific GAL4 driver (BRAND AND PERRIMON 1993), and observed the localization
of these isoforms on polytene chromosomes using fluorescence microscopy (Fig. 4-1).
32B-mRFP

Merge

32A-EGFP

Merge + DAPI

Figure 4-1. Comparing the banding patterns of BEAF isoforms reveals that 32A-EGFP and
32B-mRFP both exhibit mostly similar banding patterns on polytene Chromosomes, from
3rd instar larvae. Both the isoforms form discreet bands in primarily euchromatic regions.
DNA, stained with DAPI, hardly colocalizes with either 32A or 32B. There are a few unique
sites for 32A-EGFP and 32B-mRFP as indicated by arrows and as judged by the merge.
Both the isoforms, 32A-EGFP and 32B-mRFP, are homozygous on 3rd and hemizygous on
X chromosome respectively. 1824-Sal.GAL4, recombined on to 3rd chromosome, is also
homozygous Two samples, from the same line, are shown here in two rows.
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Polytene chromosomes have distinct banding patterns of alternating light and dark
regions which correspond to decondensed and condensed chromatin respectively. Salivary
glands were dissected from third instar larvae of a line, homozygous for the UAS-32AEGFP, UAS-32B-mRFP and salivary gland GAL4 driver (Bloomington stock #1824),
stained with DAPI and spread on glass slides (Fig. 4-1). From the banding pattern of 32AEGFP and 32B-mRFP and DNA (DAPI) the BEAF proteins hardly colocalize with bands.
Many sites have both the isoforms suggesting that they follow each other very well. They
mainly localize to euchromatic regions. However, there are certain sites which are unique
to either 32A or 32B which indicates that they can form separate BEAF complexes (Fig.
4-1 indicated with arrows)). Taken together, it appears that BEAF-32A and 32B isoforms
bind DNA together at most, but not all locations.
Dynamics of 32A vs 32B in FRAP
Salivary glands from wandering third instar larvae were dissected in Robb’s media
to observe BEAF dynamics using FRAP. The same line was used as for the polytene
chromosome spreads in the previous section. Another line that expresses the histone variant
H2Av-mRFP was also used to compare with the FRAP recovery of the BEAF proteins.
The dissected glands were placed in an examination chamber prepared for inverted
confocal microscopy with Robb’s media. A region of interest (ROI) was photobleached in
a selected nucleus. Then a time course of images was taken and the fluorescence intensities
at various time points were determined using software provided by Leica. An additional
software package called easyFRAP was used to determine t1/2 recovery times after
photobleaching.
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The results indicate that 32B, in general, (t1/2 for each replicate = 25.96, 87.07,
23.68, 38.01s) recovers faster than 32A (t1/2 = 180.86, 255.99, 23.18, 50.79s) (Fig. 4-2A).
The faster recovery times suggests that 32B spends less time bound to DNA than does 32A.
Surprisingly H2Av-mRFP (t1/2 for each replicate = 6.13 and 3.89s) had the fastest recovery
times among the three proteins (Fig. 4-2B).
B

Recovery Time t-half (Secs)

300
200
100
0

1

2

32A-EGFP

3

4

32B-mRFP

Recovery Time t-half (Secs)

A

10
5
0

H2AV-mRFP

Figure 4-2. Fluorescence Recovery After Photobleaching (FRAP) experiments identify
different recovery times for 32A-EGFP, 32B-mRFP and H2AV-mRFP. A) 32B-RFP
recovers faster than 32A-EGFP, in several trails, where they both recover on the order of
tens and even hundreds of seconds. Each cluster is a replicate from the same sample B)
H2AV-mRFP recovers even faster, which is in the order of few seconds. The same flies used
in the banding pattern determination of BEAF isoforms were used in these studies.
The behavior of 32A and 32B during mitosis
BEAF has been reported to remain bound to mitotic chromosomes (HART et al.
1999), while genome-wide mapping found that 32B binds to more sites than does 32A
(JIANG et al. 2009). We decided to investigate the behavior of the two BEAF isoforms
during mitosis using live cell microscopy of syncytial embryos expressing 32A-EGFP or
32B-mRFP transgenes driven by their endogenous promoters (Fig. 4-3A). The level of
expression was sufficient to allow rescue of the null BEAFAB-KO allele by 32B-mRFP. For
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comparison, we used histone H2Av transgenes tagged with either EGFP or mRFP. The
histone proteins were completely nuclear during interphase and remained on chromosomes
throughout mitosis (Fig. 4-3B a1 to a6).
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Figure 4-3. Dynamics of BEAF proteins during mitosis in early and late embryos. A)
Constructs generated for expressing 32A-EGFP (mutating 32B starting exon) and 32BmRFP (mutating 32A starting exon). SV40 NLS was tagged in case the mutations had any
effect on nuclear localization of BEAF. B) All the pictures in rows b and c are from the
same embryo during mitosis in syncytial stages (9-13 divisions). All pictures in the d row
are from the same embryo during mitosis in late embryos (after 14 divisions). Panels 1-12
in b and c rows, show dynamic redistribution of 32A-EGFP and 32B-mRFP, respectively,
during mitosis in early embryos. 32A and 32B are excluded from nucleus after cell division,
during interphase (b,c 5 to 8), but are shuttled back in during mitosis. Although, it appears
that 32B goes in before 32A (b,c 7 & 8). The first set and the second set of Panels 1-4 in
row f show two dividing cells, one above the other (towards left from the middle). In this,
later embryonic, stage majority of BEAF proteins comes off the DNA during mitosis, but
homogenously redistributed across the cell, and not excluded from the nucleus during
interphase. Panels 1-3and 4-6 from the first row (a) are embryos from two different lines
expressing H2AV-EGFP and H2AV-mRFP respectively, visualized during mitosis in early
embryos. Histones are always associated with DNA during various stages in cell division,
unlike BEAF proteins.
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The dynamics of 32A-EGFP and 32B-mRFP were more complex than H2Av and
differed from each other in at least one respect (Fig. 4-3B, b-d rows). In contrast to H2Av,
there was a general background haze suggesting that there is a population of BEAF outside
of nuclei. This, combined with low fluorescence intensities, made it difficult to visualize
nuclear dynamics with high resolution. Consistent with published results, it appears that
32A and 32B remain on chromosomes during mitosis (for example, Fig. 4-3B, b,c rows,
panels 2-4), potentially acting as mitotic bookmarks for the next interphase (SARGE AND
PARK-SARGE 2005). It is difficult to discern the chromosomes over the background haze
and what might be BEAF associated with the mitotic spindle. This suggests that only
subpopulations of the BEAF proteins remain on mitotic chromosomes, similar to findings
for other proteins such as TFIID, polycomb group proteins and mammalian CTCF (SEGIL
et al. 1996; BURKE et al. 2005; FOLLMER et al. 2012). As just mentioned, it also appears
that some of 32A and 32B are associated with the mitotic spindle. Consistent with this,
BEAF has been reported to physically interact with Chromator (VOGELMANN et al. 2014),
BEAF peaks and Chromator peaks frequently overlap in genome-wide maps (DEMAKOV et
al. 2011), and Chromator reorganizes during mitosis to become part of the mitotic spindle
matrix (RATH et al. 2004).
In addition to the unexpected background haze of 32A and 32B, another curious
aspect of the behavior of BEAF is that it is largely excluded from nuclei as they reform in
syncytial embryos (for example, Fig. 4-3B, b,c rows, panels 5, 6 and 12). Somewhat similar
behavior has been observed for chromatin associated proteins: NONA, Hrb57A, and Rod,
although these are not sequence-specific DNA binding proteins (BUCHENAU et al. 1993;
BUCHENAU et al. 1997; BASTO et al. 2004). To determine if this behavior is limited to early
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embryogenesis when nuclei rapidly cycle between S and M phases and before
cellularization takes place, we observed mitosis in later embryos. We found that both BEAF
proteins are mostly nuclear in interphase cells (Fig. 4-3B, d row), as we have also observed
for larval and adult tissues. During mitosis, both proteins become largely diffuse with some
remaining on chromosomes and possibly the mitotic spindle (Fig. 4-3B, d row, panels 2
and 3). At the end of mitosis both 32A and 32B are homogenously distributed between the
cytoplasm and nuclei, they are not excluded from nuclei as they reform (Fig. 4-3B, d row
panel 4). It is not clear why BEAF behaves differently in early compared to late embryos.
It could be related to the activation of zygotic transcription during the maternal-to-zygotic
transition, and post-translational modifications such as phosphorylation (ZHAO et al. 1995)
and O-glycosylation (PATHAK et al. 2007) could play a role.
In many embryos we observed that 32B entered nuclei earlier than 32A, with 32A
entering just prior to prophase (for example, Fig. 4-3B, c row, panels 7 and 8). However,
in some embryos 32B appears to enter later together with 32A. Another difference that was
sometimes observed was that locations consistent with the spindle poles contained two
bright spots of 32A-EGFP during mitosis (data not shown). One possibility is that some
32A localizes to both centrioles of each spindle pole. This was never observed for 32BmRFP. These differences between 32A and 32B are interesting, since both isoforms share
the same BEAF-BEAF interaction domain. This suggests that the unique parts of the
proteins, which contain their DNA binding domains, influences the behavior of the
proteins.
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Discussion
Analysis of 32A and 32B through fluorescent labels confirmed that both these
proteins bind to many regions on polytene chromosomes. They share many of these sites,
however there are unique sites that are bound by either 32A or 32B suggesting that these
isoforms do not always form hetero BEAF complexes. Although both the isoforms have
similar dynamics, 32B appears to have faster exchange rate than 32A. 32B is also the
essential isoform (ROY et al. 2007). Analysis of ChIP-chip data of the binding sites of
BEAF proteins across the genome revealed that there is a clear difference between the
association of 32A and 32B with chromosomes (JIANG et al. 2009). 32A gave smaller peaks
and also more 32A peaks shared 32B (95% 32A peaks have a 32B peak) and this is not the
case the other way round (only 40% 32B peaks share 32A peaks). Many of these BEAF
peaks are located within ~300 bp of transcriptional start sites (TSSs). Studying protein
dynamics of TFs revealed that they exchange rapidly at active promoters (MCNALLY et al.
2000; BECKER et al. 2002; KIM AND O'SHEA 2008; SEGAL et al. 2008). Perhaps, a faster
dynamics of 32B indicates that its binding sites are active regions of transcription. This is
consistent with the idea that essential isoform, 32B, helps keep the associated-promoters
active for transcription. However, 32A and 32B exchange rates seem to be highly variable
in our FRAP experiments. Perhaps, better controls and more replicates are required to
accurately assess the merit of the exchange rates that were observed.
FRAP Analysis of H2Av-mRFP showed that it has much faster dynamics than both
the BEAF proteins, which was unanticipated since core histones usually form very stable
complexes in nucleosomes. In Drosophila, H2Av takes up the roles of the H2A variants
H2AZ and H2AX that are encoded from separate genes in vertebrates (WEST AND BONNER
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1980;

VAN

DAAL AND ELGIN 1992; CLARKSON et al. 1999). H2AX in other organisms is

implicated in modulating chromatin structure for DNA repair during double strand breaks
(DSBs) (LOWNDES AND TOH 2005; BARGAJE et al. 2012). A recent study has demonstrated
that a focused laser beam of 488 nm, on a Confocal at 30% power, was able to induce DSBs
which led to rapid increase in the deposition of H2AX at the damaged sites (SOLARCZYK
et al. 2012). The same thing could be happening in our FRAP experiments with H2Av,
which performs the role of H2AX (MADIGAN et al. 2002; JOYCE et al. 2011). It is possible
that DNA damage due to photobleaching could trigger rapid exchange of H2AV.
The behavior of BEAF during mitosis was more complex than anticipated. BEAF
was observed on mitotic chromosomes of fixed cells (HART et al. 1999) and has been
mapped on mitotic chromosomes by ChIP-seq (YANG et al. 2013). Yet the fraction of
fluorescently tagged BEAF on mitotic chromosomes is low enough that the chromosomes
cannot be seen with much resolution over the haze of free BEAF. It also appears that some
BEAF is associated with the mitotic spindle, perhaps through interactions with Chromator
(RATH et al. 2004; VOGELMANN et al. 2014). In syncytial embryos, at the end of mitosis
both 32A and 32B are largely excluded from nuclei. 32B often enters nuclei earlier than
32A, with 32A entering just prior to prophase. Another difference between 32A and 32B
was that 32A sometimes showed high local concentrations in what were in the spindle
poles. This was never observed for 32B. Later in embryogenesis, BEAF is not excluded
from nuclei when they reform but seems to be evenly distributed between the nucleus and
cytoplasm. BEAF then accumulates in nuclei so that most BEAF is in interphase nuclei. It
is not clear why BEAF behaves differently in early compared to late embryos. It could be
related to the maternal-to-zygotic transition. It is also not clear why entry of 32B into nuclei
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often precedes 32A, especially since they share the same BESS domain. This suggests the
unique sequences that include the DNA binding domain can influence BEAF-BEAF
interactions. This provides a first glimpse into BEAF dynamics. Additional experiments,
for instance with fluorescent-protein tagged microtubules, will be needed to gain more
insight into the behavior of BEAF and its significance.
Altogether our results suggests different protein dynamics between 32A and 32B
exists. Further FRAP experiments with other TFs could provide better comparable analysis.
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CHAPTER FIVE: YEAST TWO-HYBRID TEST FOR PHYSICAL
INTERACTIONS BETWEEN INSULATOR PROTEINS
Introduction
Transcriptional regulation in eukaryotes is a complex process which involves the
action of many chromatin associated proteins (CAPs) which modulate the local chromatin
structure either by branding histones with certain marks through post-translational
modifications (PTMs) (STEGER et al. 2008), or replacing histones with their variant
counterparts (GOLDBERG et al. 2010), or by repositioning nucleosomes (FU et al. 2008). A
class of CAPs include the insulator proteins which bind to specialized regulatory DNA
sequences called insulator elements. Insulator proteins, through their binding to the
insulator elements, are implicated in structural and functional demarcation of chromosome
segments commonly termed as the chromatin domains (GHIRLANDO et al. 2012). These
domains can vary in size but average around 100 Kb in size in Drosophila (GASSER AND
LAEMMLI 1987; SPELLMAN AND RUBIN 2002). A distinct combination of these insulator
proteins together with certain histone modifications have been identified to be defining
features which distinguish these chromatin domains from each other (FILION et al. 2010).
Further analysis revealed that the entire genome is partitioned into individually regulated
domains called topologically associated domains (TADs). TADs are formed with the help
of combinatorial binding of insulator proteins which establish sharp boundaries for TADs,
separating each of them into an independently regulated segments across the genome
(DIXON et al. 2012; NORA et al. 2012; SEXTON et al. 2012).
In Drosophila, several insulator proteins have been classified. They can be
organized into two groups: DNA binding insulator proteins (DIPs) and long-range
interaction insulator proteins (LIPs). DIPs include boundary element-associated factor
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(BEAF-32), suppressor of Hairy wing (Su(Hw)), Zeste white 5 (Zw5), GAGA factor
(GAF), and CCCTC-binding factor (CTCF), which form the first layer of insulator proteins
(BIGGIN AND TJIAN 1988; PARKHURST et al. 1988; SOELLER et al. 1988; ZHAO et al. 1995;
GASZNER et al. 1999; MOON et al. 2005). Sometimes many of them having binding sites
close to one another at several genomic loci in order to coordinate their activities
(SCHWARTZ et al. 2012; VAN BORTLE et al. 2012). Mod(mdg4)67.2, CP190 and
Chriz/Chromator are some of the well-studied LIPs which do not directly bind DNA, but
establish long-range contacts between different chromosomal regions by directly
interacting with the DIPs (GEORGIEV AND GERASIMOVA 1989; PAI et al. 2004; RATH et al.
2004; SEXTON et al. 2012).
CP190, Su(Hw) and Mod(mdg4)67.2 (MOD) have been shown to interact with
each other and cooperate with insulator activity at Su(Hw) binding sites (PAI et al. 2004).
GAF, MOD, and CP190 proteins have the BTB (bric-a-brac, tramtrack, and broad
complex)/POZ (poxvirus and zinc finger) domain at the N-terminus, which is a highly
conserved protein–protein interaction motif contained in a variety of transcription factors
involved in development, chromatin remodeling, insulator activity, and carcinogenesis,
ranging from flies to mammals (BARDWELL AND TREISMAN 1994; ZOLLMAN et al. 1994;
HUYNH AND BARDWELL 1998; PEREZ-TORRADO et al. 2006). MOD has also been shown
to interact with GAF and Chromator in previous studies (MELNIKOVA et al. 2004;
GOLOVNIN et al. 2014).
Some of the DIPs like BEAF-32, GAF, CTCF etc., which are known to homooligomerize (HART et al. 1997; KATSANI et al. 1999; BONCHUK et al. 2015), could possibly
mediate long range interactions between loci associated with these proteins without
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requiring the involvement of LIPs (MAHMOUDI et al. 2002). It is known that CTCF dimers
that are oppositely oriented can make functionally important long range contacts to form
chromatin loops in vertebrates (DE WIT et al. 2015; GUO et al. 2015; VIETRI RUDAN et al.
2015). However the DIPs mediating long-range interactions are yet to be experimentally
verified for insulator proteins in Drosophila. Current research supports the model that LIPs
are required to mediate long-range interactions even though many of the DIPs can homoand hetero-dimerize within their class (LE GALL et al. 2015). Nevertheless, many studies
have indicated that these DIPs and LIPs together provide a framework in order to
coordinate the positioning of TADs and thereby the overall three-dimensional architecture
of the genome (BUSHEY et al. 2009; NEGRE et al. 2010; PHILLIPS-CREMINS et al. 2013;
GOMEZ-DIAZ AND CORCES 2014; LIANG et al. 2014).
Given some discrepancies and the amount of data scattered around the literature for
physical interactions between insulator proteins, we were motivated to design experiments
to test interactions reported in the literature to identify interactions between these DIPs and
LIPs. Our interaction studies between insulator proteins including BEAF, presented in this
chapter, revealed previously unreported partner protein interactions.
Along the way we encountered unexpected results, be it in terms of directionality
or outright lack of detection for some well documented cases. However, directionality in
Y2H does not appear to be uncommon, as reported from Y2H studies performed by other
groups. Also, no detection of some of the results is possibly due to underlying molecular
hurdles using techniques that require generating fusion proteins. Hence, careful
consideration of all these factors is required while utilizing and interpreting results from
such methods.
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Materials and Methods
cDNA Clones
Some cDNAs were generous gifts from PIs from other labs, CP190 and parts in
Y2H plasmids from Pavel Georgiev (IGB, Russia), Mod(mdg4)2.2 from Elissa Lei (NIH),
Chromator from Kristen Johansen (ISU), and GAF from David Gilmour (PSU). All other
cDNA clones were obtained from Drosophila Genome Resource Center DGRC.
Cloning of Plasmids
Some cDNAs clones for Y2H that were already made for previous experiments in
Y2H plasmids, such as CTCF, SuHw, BEAF-32B, Zw5 fused with GAL4-AD and
BEAF32B, CP190 fused with GAL4-BD, were used. Mod(mdg4)2.2, GAF, Chromator
(CHRO) and CP190 were made as fusions with GAL4-AD and CTCF, GAF, Mod(mdg4)
and CHRO were made as fusions with GAL4-BD. All the cloning was carried out by
Gibson Assembly (NEB #E2611S), with EcoRI (in the MCS region of both the GAL4 AD
and BD fusion constructs) as the plasmid opening site on plasmid. We received CP190 full
length, CP190BTB (1-126aa), CP190D+M (245-468aa) fused with GAL4 BD and CCP190 (1-765aa) fused with both GAL4 AD and BD from Pavel Georgiev. Primers were
designed such that about 20 bases of sequence from either side of the EcoRI site on the
target plasmid were flanked on the ends of the cDNAs through PCR. Then 2.5 l of Gibson
assembly mix was mixed with a total of 2.5 l of DNA (gel purified EcoRI cut plasmid
and PCR product in 1:3 molar ratio) in a PCR tube and run for an hour at 50 oC on a thermal
cycler. After this the mix was transformed into high competent E. coli cells and plated on
LB amp. Transformed colonies were screened for positive clones.
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Y2H experiments
Two-hybrid assays were carried out using yeast strain Y2H Gold (Clontech), with
plasmids pOAD (GAL4AD) and pOBD (GAL4BD) (BARTEL AND FIELDS 1995). Each of
these GAL4 constructs in the plasmids, fused with cDNAs, in various combinations were
transformed into Y2H Gold by the lithium acetate method and plated on media lacking
tryptophan and leucine (selects for plasmids). After 3-5 days of growth at 30 °C, the cells
were grown in a culture for 2 days and their OD600 was determined. The different
transformants were diluted in series, starting from 0.1 O.D600 and diluting 5 times for each
subsequent spot in that row, a total of five spots for each transformant, using a 96 well plate
and 5 l from each well, onto plates containing selective media lacking tryptophan, leucine,
adenine and histidine (ADE and HIS are reporter genes). Growth of yeast was compared
after 2–3 days, which indicated whether the proteins interacted or not.
Results
We confirmed some interactions that were reported before: BEAF-CHRO, CTCFCP190, CP190-CHRO (GAUSE et al. 2001; GHOSH et al. 2001; PAI et al. 2004;
VOGELMANN et al. 2014); and identified novel interactions: CTCF-GAF, CTCF-CHRO,
CTCF-Zw5, CHRO-Zw5, CHRO-GAF, BEAF-CTCF and CHRO-Zw5. However we
observed many of these interactions showed up only in one direction: CP190-AD with
CTCF-BD; CP190-AD with CHRO-BD; and BEAF-AD with CHRO-BD fusions, but not
the other way around (with the AD and BD switched). Surprisingly we did not detect any
interaction between CP190 and GAF which both contain a BTB domain. We also did not
detect some previously reported interactions: SuHw-CP190, MOD-CP190, BEAF-CP190,
BEAF-Zw5, or MOD-GAF in either direction or MOD dimerization (BLANTON et al. 2003;
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MELNIKOVA et al. 2004; PAI et al. 2004; LIANG et al. 2014; VOGELMANN et al. 2014). We
detected no interactions for MOD with itself or with any other protein, possibly indicating
a problem with the MOD fusion proteins.
A

B

C

D

E

F

Figure 5-1. Y2H screen to test for physical interactions between insulator proteins. All
combinations of eight insulator proteins were tested, with all eight on GAL4AD with MOD,
CP190, 32B, CHRO, CTCF and GAF on the GAL4BD. A) MOD fused with GAL4BD
failed to interact with any insulator proteins, on GAL4AD. B) CP190 fused with GAL4BD
interacted with CTCF, CHRO and Zw5, on GAL4ADC) 32B fused with GAL4BD
interacted with only itself, on GAL4AD. D) CHRO fused with GAL4BD interacted with
SuHw, CTCF, 32B, GAF, Zw5 and with itself, on GAL4AD. E) CTCF fused with GAL4BD
interacted with CP190 and itself, and also interacted weakly with SuHw, 32B, on
GAL4AD. F) GAF fused with GAL4BD interacted with only itself, on GAL4AD.
Summary of interactions is provided in table 5-1.
Interestingly, all the tested insulator proteins in our study, except for CP190 and
MOD, showed a propensity for homodimerization, which is in line with earlier published
results for these proteins (HART et al. 1997; KATSANI et al. 1999; MELNIKOVA et al. 2004;
BONCHUK et al. 2011; VOGELMANN et al. 2014). The Y2H results are summarized in Table
5-1. We tested the CHRO and 32B interaction in another experiment, IP, with bacterially
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expressed proteins to check their interaction from Y2H. We detected CHRO pull-down
with 32B confirming this interaction (Fig. 5-3). Further characterization of certain
interactions in an earlier study found the C-terminal region of CP190 to be responsible for
CTCF interactions and moreover the BTB domain was found to be dispensable for this
interaction (GERASIMOVA et al. 2007). However, our results are in direct contradiction to
this: we found that the CTCF-CP190 interaction is mediated by the BTB domain in CP190
and that C-terminal domain is dispensable for this interaction (Fig. 5-2A). Our findings
agree with a recently published report (BONCHUK et al. 2015).
A

C

B
D
CP190

1-1096

CP190-C 1-765
BTB 1-126
D+M 245-468

Figure 5-2. Identifying interaction regions inside CP190 with itself and CTCF. A) All the
different parts of CP190 including full length, C-terminal deletion (CP190-C or –C are the
same), the BTB domain, and D+M domain on GAL4BD were tested for interaction with
CTCF on GAL4-AD. BTB alone is sufficient to mediate CTCF and CP190 interactions and
C-terminal is dispensable. B) CP190 interacts with itself via BTB domain although, D+M
region could also participate in dimerization. BEAF served as our negative control. C)
Testing our original full length CP190 clone (DGRC) on GAL4-AD with CP190 parts and
full length on GAL4-BD, procured from the Georgiev lab denoted by (G). None of the parts
on GAL4-BD interacted with CP190 full length on GAL4-AD. CP190-C (G) and CTCF,
on GAL4-AD, served as our positive controls in these panels. D) A schematic for the full
length and parts of CP190 protein used in this screen.
121

-MYC
IP

Figure 5-3. Pull-down of Chro by BEAF-32B. FLAG-tagged 32B was bound to anti-FLAG
beads and mixed with MYC-tagged Chro to detect its pull-down by 32B. Lane 1 is input,
Lane 2 is anti-FLAG beads mixed with MYC-Chro without 32B and Lane 3 shows Chro
pull-down by 32B that is bound to anti-FLAG beads.
Table 5-1. Summary of Y2H interactions. Rows indicate GAL4-BD fusions and Columns
indicate GAL4-AD fusions. The strength of the interactions as judged by the growthphenotype analysis of Y2H is indicated by ‘+’ and no interaction by ‘-’ signs.
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Discussion
From our preliminary data on interactions between LIPs and DIPs, we confirmed
some interactions reported earlier. We also uncovered many other interactions: CHRO
interacts with CTCF, GAF, Zw5 and SuHw; and CTCF interacts with all tested proteins
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except MOD, although most interactions are weak. CHRO interaction with these proteins
is very interesting as all of them are DIPs while CHRO is a LIP. This suggests that CHRO
could connect a variety of insulator protein complexes that contain these DIP partners.
Most interactions were observed in only one direction, including the BEAF
interaction with CTCF and CHRO. The only protein combination that showed up in both
directions is between CTCF and CP190. Y2H experiments employed in other studies have
noted similar oddities in their results, where they observed interactions only in one
direction for certain proteins but not in the other (VEYRON-CHURLET et al. 2004; FARBER
et al. 2013; KONG et al. 2015). There are also cases where fusing the BD or AD on the Nterminus or C-terminus gives different interaction results. One example of this is MOD
(GOLOVNIN et al. 2007). This is very confounding, as the proteins themselves don’t have a
directionality since they are two molecules possessing binding affinity for each other. It is
likely that certain molecular methods, like the Y2H assay, can have an inherent
directionality which is generated either through altered folding that disrupts or hides
interaction interfaces or by blocking GAL4 domain function when fusions are made with
certain proteins.
Quite strangely, CP190 didn’t interact with itself, although it interacted with CTCF,
CHRO and Zw5. CP190 is known to dimerize, from our tests with parts of CP190 (although
weakly) and the work of others (BONCHUK et al. 2015). The parts of CP190 were provided
by Pavel Georgiev (Fig. 5-2B) who, in a paper focused on MOD insulator function,
reported that full-length CP190 did not interact with itself. This is consistent with an earlier
Y2H assay using full length CP190 (PAI et al. 2004). Georgiev and colleagues observed a
weak interaction (consistent with our results with their constructs) only when they used
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CP190 with a truncated C-terminal region (766-1096aa) (GOLOVNIN et al. 2007). It is not
entirely clear why this is observed for CP190, as CTCF, GAF and CHRO also have Nterminal self-dimerizing domains and they apparently dimerize with our fusion constructs.
However, it could be a case where the specific domain structures of the CP190 interacting
regions perhaps do not fold properly in the full length context (especially in an GAL4AD
fusion). We also observed this in Y2H experimental results with our original full length
CP190 clone from DGRC (used in Chapter 3, see materials and methods) on the GAL4AD
in combination with Georgiev’s CP190 parts on the GAL4BD (Fig. 5-2C).
BTB domains are known to dimerize. We didn’t detect interactions between BTB
domain containing proteins CP190 and GAF. Although CP190 and GAF both have a BTB
domain, they don’t belong to the same “ttk” class of BTB domains. Also, they were
reported to not interact in an earlier study, which is in agreement with our results
(BONCHUK et al. 2011). Also the absence of MOD interactions with any of the proteins in
our study is quite unexpected. MOD interactions with CHRO, CP190, SuHw, GAF, and
with itself are well documented (GHOSH et al. 2001; MELNIKOVA et al. 2004; PAI et al.
2004; GOLOVNIN et al. 2014). The functional equivalance of the BTB domains, especially
between MOD and GAF was demonstrated by showing that the BTB domain of MOD can
effectively substitute for that of GAGA in transient-transfection assays (READ et al. 2000).
However, one study primarily focused on characterizing BTB domains reported that MOD
derived fusions with GAL4 domains on the N-terminus didn’t interact with itself, possibly
due to lack of exposure of the N-terminally located binding sites (BTB) (MAZUR et al.
2005). This finding agrees with our results. One possible solution to this could be a switch
in the GAL4 domain fusions from N to C-terminal and test for interactions.
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From analyzing the Y2H results, CHRO, CTCF and CP190 are the proteins that
seem to share many partners (some new ones from our study like Zw5 with all three; GAF
and SuHw with both CHRO and CTCF; and BEAF with CTCF). This is consistent with
the model that these three insulator proteins are involved in establishing a framework for
long-range interactions that enable for folding distinct regions into TADs. Another protein,
MOD which reportedly also extensively interacts with CHRO, CP190, GAF and SuHw,
could also play an important role in this network of long-range interactions. We did not
detect interactions with MOD, presumably due to technical issues. Some of these proteins
have also been implicated in transcriptional regulation: CTCF role in AbdB expression in
the bithorax complex (BONCHUK et al. 2015); GAF role in keeping associated promoters
active on a global scale (FUDA et al. 2015); BEAF regulation of cell cycle genes (EMBERLY
et al. 2008), among others. Comparing the binding patterns of these proteins across the
genome has also revealed that many of these proteins have varying binding patterns
indicating that these proteins perform different roles during development (BARTKUHN et
al. 2009; NEGRE et al. 2010; WOOD et al. 2011). Although GAF and Zw5 both interact
with CTCF and CHRO, they don’t seem to be enriched together at many binding sites
(NEGRE et al. 2010; SEXTON et al. 2012). This indicates that their coordinated roles might
be limited to specific roles like enhancer-blocking and coordinating transcriptional
regulation at a subset of sites. BEAF and CP190 are often found to colocalize, with over
50% of CP190 sites containing a BEAF site. Notably, BEAF and Chromator have a greater
co-occupancy, with over 95% of BEAF sites containing a Chromator site. Chromator
interacts with JIL-1 kinase which is involved in transcriptional regulation, and so this
complex could be recruited to regulate BEAF associated promoters (GAN et al. 2011).
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BEAF binding sites are enriched with other insulator proteins like CHRO, CP190
and CTCF (BUSHEY et al. 2009; NEGRE et al. 2010; SEXTON et al. 2012). These proteins
have also been individually found to be enriched at promoter regions, so has GAF, which
keeps target promoters active for transcription (FUDA et al. 2015). Together, these findings
could be indicative of one of the roles that these proteins perform which is to maintain
promoter architecture. This is particularly relevant to BEAF which is found near promoters
85% of the time (JIANG et al. 2009). Alternatively, co-localization of the insulator proteins
in distinct combinatorial patterns in the genome could give rise to structurally and
functionally demarcated physical domains by forming TAD boundaries, allowing TADs to
maintain independently regulated transcriptional profiles.
Altogether, our Y2H data for insulator proteins has provided supporting evidence
for various homo and heterodimer interactions and also found new ones previously
unknown between insulator proteins. The Y2H interactions need to be confirmed via other
methods such as pull-downs and, furthermore, design experiments which could reveal the
underlying functional significance of these novel interactions. These preliminary results,
combined with other genome-wide binding and functional data sets, has enabled us to
visualize a model for insulator proteins that could possess various roles, derived from their
contextual binding, such as enhancer-blocking, formation of TAD borders and even
transcriptional regulation.
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CHAPTER SIX: CONCLUDING REMARKS
Understanding the relationship between genome organization and regulation of
gene expression in eukaryotes has been a compelling challenge with vast combinatorial
mechanisms affecting these processes. The higher order organization of genomes has been
extensively studied in various organisms. Chromosomes occupy discrete territories in the
nucleus. Next, regions of chromosomes are organized into individual sections called
chromatin domains. Chromatin domains have been proposed to be units of the genome that
give rise to higher order folding of chromosomal DNA in higher eukaryotes. These
domains range anywhere from 100 kb to 1 Mb in size, and are thought to be structurally
and functionally demarcated regions of the genome (GASSER 1995). However, the
mechanisms involved in establishing chromatin domains are poorly understood.
Recent technological advances, such as ChIP, 3C and their derivatives such as HiC and ChIA-PET have paved a way to unravel features of genome organization. Genomes
in higher eukaryotes are sectioned into regions called topologically associated domains
(TADs). TADs have been found to be a common theme from flies to humans (DIXON et al.
2012; NORA et al. 2012; SEXTON et al. 2012). TADs are essentially a version of chromatin
domains. Due to the nature of the organization, TADs are also referred to as a basic unit of
chromosome folding. Each TAD is bracketed by boundaries or inter-TADs, which are
characterized by insulator elements such as tRNA genes, SINE elements and other
sequences which have binding sites for insulator proteins such as TFIIIC in yeast (NOMA
et al. 2006), CTCF and TFIIIC in mammals, and BEAF, Su(Hw), CTCF and other proteins
in fruit flies (ZHAO et al. 1995; LUNYAK et al. 2007; BUSHEY et al. 2009). Since interactions
between TAD boundaries, through insulator proteins, gives rise to higher order folding
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properties of genomes, these insulator proteins are also called architectural proteins
(GOMEZ-DIAZ AND CORCES 2014).
In Drosophila, a distinct set of these insulator protein binding sites (IPBSs) have
been shown to correlate with TAD boundaries (PHILLIPS-CREMINS et al. 2013). Not all
IPBSs can form a TAD, and it is thought there is a set of rules that determine which IPBSs
form TAD boundaries. Interestingly, transcription profiles of TADs indicates that gene
expression patterns from adjacent TADs can be very different while expression patterns of
genes within a TAD are usually similar (DIXON et al. 2012; NORA et al. 2012). This
suggests that TAD boundaries link structural and functional organization of chromatin.
Deleting TAD boundaries increases ectopic contacts of adjacent TADs. This has the
potential to disrupt the normal transcriptional profiles of genes in these TADs, as shown
by experiments that manipulate TAD boundaries. An example is a mouse model of a human
disease. In this condition, subjects are affected by rare limb malformations due to
chromosomal rearrangements in the extended WNT6/IHH/EPHA4/PAX3 region. This
resulted in changes in interactions between promoters and non-coding DNA as well in
abnormal gene expression (LUPIANEZ et al. 2015). The strength of TAD borders correlates
with insulator activity. Hence, it is important to uncover specific roles of different insulator
proteins in their contribution to organizing TAD borders.
BEAF-32 is an insulator protein with several thousand binding sites across the
Drosophila genome, some of which are located at TAD borders. However, unlike other
DNA-binding insulator proteins, a genome-wide study revealed that BEAF is often found
close to promoters (BUSHEY et al. 2009; JIANG et al. 2009). This is in contrast to classical
models of insulator sites which propose they separate genes into independently regulated
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functional units by bracketing genes (BURGESS-BEUSSE et al. 2002). BEAF is preferentially
localized near the transcriptional start sites of housekeeping genes (HKGs) (60% of all
BEAF-associated genes) (JIANG et al. 2009). HKGs are constitutively expressed across
developmental stages and cell types. This result indicates a possible role of BEAF, which
is also more or less a constitutively expressed protein, in keeping these promoters open to
facilitate transcription throughout various stages of development and differentiation. This
led to the idea that BEAF could form complexes with other transcription factors to
modulate these promoters. But no known TFs were reported to physically associate with
BEAF. How this relates to insulator activity is unclear.
A genetic screen that identified mutations that enhanced a rough eye phenotype
caused by dominant negative form of BEAF found interactions with several
developmentally regulated transcription factors (TFs) (ROY et al. 2007). Following up on
this, we found physical interactions with three of these TFs. All were homeodomain TFs
from the Antennapedia and Bithorax complexes that are involved in determining the body
pattern during embryogenesis: Bcd, Scr and AbdB. A global Y2H library screen for BEAF
identified more physical interactions: SryD (a constitutive TF), Bin1 (an HDAC complex
associated protein), and Polybromo (a subunit of a Swi/Snf family chromatin remodeling
complex) among other proteins. We found some interesting connections between the
partner proteins of BEAF in DroID database for physical interactions. For example, we
found BEAF interacts with Bcd, and external data sets indicate that Bcd and Bin1
physically interact with each other and also with SryD and all these proteins in turn partner
with BEAF. Moreover, SryD controls the expression of BCD gene (PAYRE et al. 1994).
Such connections imply that these interactions could be functionally significant and these
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proteins can cooperatively carry out mechanisms to regulate the target genes. Why BEAF
often associates with housekeeping promoters yet interacts with developmental TFs is an
intriguing question for future studies.
In Chapter Two, we found that the middle region and BESS domain are essential
parts for BEAF function but flies can survive without the non-conserved part of the middle
region or the LZ domain (although BEAF lacking the LZ is hypomorphic). It is possible
that these TF interactions with BEAF particularly through the middle region are critical for
BEAFs function. There could be other TF partners of BEAF that weren’t uncovered in our
study due to certain limitations in our choice of proteins tested and the Y2H library kit that
was generated from fly embryos that could be missing cDNAs that encode for proteins that
have restricted spatial or temporal expression. The presence of the LZ domain raises the
possibility that BEAF partners with proteins that also have similar LZ domain
conformation, such as the bZIP family proteins. Interactions with Homeodomain proteins
also gives rise to the possibility that BEAF could potentially interact with other
homeodomains, outside our list. Since we didn’t find many of the protein partners from
such families, BEAF interactions could be very preferential to a small subset of those
proteins. This agrees with studies that show that proteins from various TF families (such
as homeodomain, bZIP etc) also interact with a small set of proteins, even within the
family, that contain a potential dimerization region like the LZ domain (MURRE et al. 1989;
VINSON et al. 1993). Another domain in BEAF, BESS, primarily mediates formation of
BEAF dimers, trimers and even oligomers. BESS domains have been found in at least 21
proteins in Drosophila (RAO et al. 2016). Some are well characterized TFs such as Adf1,
which localizes with PcG complexes at PRE sites (ORSI et al. 2014) or Dip3 that regulates
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transcription through its interaction with TBP associated factor (BHASKAR AND COUREY
2002), among others. It is possible that BEAF could partner with TFs containing BESS
domains, potentially linking it to transcriptional regulation.
The physical interactions with BEAF were also tested for genetic interactions in a
screen similar to that done earlier that identified Hox genes interacting with BEAF. This
screen showed that SryD (very strong), Polybromo (strong), Dmes-4 (strong) and Bin1
(weak) mutants or RNAi lines or both enhanced the rough eye phenotype indicating the
underlying functional significance of the physical interactions between BEAF and these
proteins. Based on these findings, together with other physical interactions with
transcription factors, one model of BEAF could implicate it in positive or negative
regulation for transcription of the associated genes through chromatin remodeling and
nucleosome repositioning by either recruiting repressive complexes like PBAP, SIN3A
(via Bin1, Pb) and others, or active complexes like BAP, GTFs (via TFs) and others (Fig.
6-1). However, the details are unknown and could depend on developmental stage, cell
type, molecular signal or specific genomic loci.
One context for diverse roles of BEAF could arise from the fact that 32B could
recognize more than one binding site. It is known that 32B binds to clustered CGATA
motifs. However, some 32B binding sites do not have this motif or only have one indicating
that it could recognize other DNA motifs perhaps with other DNA binding proteins. This
leads to an interesting possibility that BEAF binding to different motifs could provide a
context for performing diverse roles by associating with with distinct partners at different
BEAF sites.
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In another model, BEAF participates in the formation of insulator complexes with
other insulator proteins at TAD borders (Fig. 6-2A). From earlier studies of the physical
interactions between insulator proteins, and our studies (presented in Chapter Five), it has
become evident that many of these proteins can form homo- and hetero-complexes.
GTFs
PBAP
BAP?
NuRD?

SryD Scr
AbdB Bcd
Other TFs?

Activating
Complexes

TFs

?
BEAF

?
PBAP
SIN3A
NuRD?
Others?

Repressive
complexes

Bin1
PB

Figure 6-1. Model to describe BEAF function at the promoter.. Here BEAF displays
opposite roles of activation and repression of the associated genes. BEAFs interaction with
TF could recruit activating complexes like GTFs, BAP, NuRD complexes etc. which help
in repositioning nucleosomes at the promoter for allowing access to RNA Pol II.
Conversely, through its interaction with proteins, such as Bin1 and Polybromo, associated
with repressive complexes like PBAP, SIN3A, etc. BEAF imparts repression at these
promoters. The contrasting activities of BEAF depends on context and specific BEAF
binding sites.
This property is likely crucial to the formation of TADs where the aligned DNAbinding insulator proteins (DIPs) at TAD borders are brought together via interactions with
each other but mainly due to long range interacting insulator proteins (LIPs). CP190, and
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more so CTCF and CHRO seem to share many connections with other insulator proteins.
These proteins have emerged to be some of the important components for establishment of
genome-wide long range interactions. Identification of CTCF and CHRO interactions with
GAF, Zw5, BEAF and SuHw indicates that CTCF and CHRO can form distinct insulator
complexes with these DIPs to mediate enhancer-blocking or transcriptional regulation (Fig.
6-2B).

B

A
BEAF CTCF SuHw

Chro

CP190

Mod
(mdg4)

BEAF CTCF SuHw

Figure 6-2. Model to describe role of BEAF and other insulator proteins at TAD borders
and coordinating transcriptional programs within the TAD. A) Formation of insulator
protein complexes generated two layers, first by the combinatorial binding of DIPs to their
binding sites and second by LIPs which bring these DIPs together and form the TAD
borders. B) Role of insulator proteins in enhancer blocking, which directs the activity of
enhancers (red bar) to their target promoters, coordinating transcriptional regulation. This
could be achieved through interactions with neighboring insulator proteins, pinching off
the chromatin loop, bringing enhancers closer to their target promoters and blocking their
interaction outside these targets.
Both the models proposed in this chapter are consistent with BEAFs role as an
insulator, manifested by enhancer blocking and formation of TAD boundaries, and also as
a transcription factor that modulates the promoter of its target genes. BEAF’s physical
interaction with Polybromo and Bin1 is quite interesting as it indicates that BEAF could
partner with the chromatin-remodeling complexes of these proteins. It also opens up the
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possibility of BEAF associating with other chromatin modifying complexes that remain to
be detected. Physical interaction screens with better coverage could answer if BEAF has
more TF and other chromatin remodeling partners, which were not found in our studies.
This could very well expand our knowledge of BEAFs functional repertoire
Resolving the crystal structure of the BEAF proteins would reveal the nature of the
unique BED fingers, LZ and BESS domains and perhaps the presence of novel domains in
the highly conserved part of the middle region. This could help understand the folding
properties to better understand its flexibility for DNA binding and also its interaction
interfaces essential for other proteins. In conclusion, our studies have provided evidence
for BEAFs direct physical association with TFs and chromatin remodelers, and forms a
basis to explore BEAFs role in regulating the promoter architecture for gene regulation and
also chromatin organization.
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